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ABSTRACT· 
Tha-t'Lizard complex of southwest England··' is considered 
to represerit a thrust slice of Devonian oceanic crust, 
emplaced onto the Gramscatho flysch- basin during the Middle 
'Devonian. The ophiolite is an incomplet~ sequence 
consisting of st_J"ongly deformed . basal ti'c lavas and 
interflow .sediments (Landewednack ' and Old Lizard Head 
~eries schists respectively), overlain by serpe~tinized 
peridotites and lherzolites, variable gabbro and a 
) restricted sheeted dyke -complex. Intruded into the basal, 
'serpentinized ultramafic ' rocks are a: suite o~ · 
compositionally banded rocks called the Kennack Gneiss. 
Excluding some .late mafic dykes, the Kennack Gneiss is the 
youngest rock suite present, because portions of the gneiss 
intrude and cross-cut· the foliations of all the other rock 
types. 
The banded Kennack Gneiss consists of distinct felsic 
and mafi~ fractions. Field relationships with other units 
indicate an intrusive igneous nature for the .Kennack Gneiss 
and the i .elationships between the felsic and mafic 
fractions of the gneiss suggest that magma-~ingling and 
possibly mixing have played a ·significant role in 
generation of these rocks. Digestion of plastic gabbroic 
xenoliths by felsic material, net-veining of sllicic . 
material in midrogabbro and flame-like interfingering of 
felsic and mafic fractions al·l support the p~oposal of 
magmatic mingling. 
Field relationships alsp indicate that the mafi_c _ _:__: 
fraction of the 'Rennack -Gri'eTs·s is distinct - from the 
hornblende schists, and that some mafic aykes are 
._. genetically related to the mafic fraction of the Kennack 
Gneiss. Variably deformed pegmatitic gabbrb within the map 
area appears to be only slightly older than the Kennack . 
Gneiss· and is significantly different in chemistry from the 
Crousa gabbro. , : 
Harke;- variation .diag..PJilS for the Kennack. Gneiss as a 
!'whole · show variable trend$. The presence of curv4inear 
~rends indicates that ~ restite separ~tion or in situ 
... metamorphic·· segregation processes may be discounted as · 
viable 'hypotheses. Instead, fractional crystalJ,d.zat,ion, 
thermogravitational diffusion or magma-mixing are favored. 
The trace el~ment chemistry of the Kennack gneiss indicates 
~~at ·magma-mixing is the most fav~able•of the three. This 
is demonstrated througn irregular inter end ·member trends 
not easily ~plained through traditional fractional 
crystal! iz91'tion processes. _ 
Nega~ive colinear variat~ons with silica dominate· the 
felsic fractions of the Ke1mack Gneiss. MgO variation -
diagrams for the mafic fra~ions of the gneiss show a high 
degres of scatter, but particular elements (CaO, Na20, Si~2 
and Sr) exhibit curvilinear cova·riance with MgO. These 
. 
,. 
• 
., 
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_ _points . suggest that the f~~sic tractio~s are· inter.relat.ed 
through ~ixing, whi}e the mafic fr~ctions are interrelated 
through progressive fractional crystallization. This 
indicates that the chemical ·and physical . ~volution of the 
felsic ·fractions has been dominated by magmatic mingling 
and mixing of a sili'cic magma with a ~ate stage · · · 
differentiate of the mafic fractions. ~!though the majority 
of the chemical data for the felsic rocks supports mixing , 
" ~ number of elements, Y, Nb, po'Ssibly Th and u . and tpe rare . 
· 'earth elements exhibit st.rong enrichment/depletion t£tends · 
which are difficult to interpret. However, careful 
interpretatiqn indicates that the felsic fractions of the 
gneiss were fnitially generated through part1al m~lting of 
a crustal source, interinediat.e. . in composit'ion which 
c9ntained abundant plagioclase and a· HFS~ bearing phase / 
such as zircon. These crustal ~elts underwent crystal 
fractionation of alkali feldspar as ·well. a!ll a LREE .bearing 
phase (monazite?), as indicated by the e~treme enrichment 
of theY, Nb and possibly the HREE in the most evolved 
silicic' rocks~ Following this crystal fractionation," the · 
felsic magma-was intruded into a magma chamber containing 
the mafic fraction of the ·gneiss. Mixing ot the. felsic 
magma and the most differentiated portions of the mafic 
magma occurred, however, mixing was only local as . 
demonstrated by the mingled stalte now obSJlrved in the 
field. · The mingled and partially mixed magmas were then 
jntruded' along the base of and into.the Lizard pe'ridotite. 
•ntrusion of -the Kennack Gneiss- was synchronous with · t 
----d±splacement of .the Lizard complex frd'm the oceanic regime. ··. 
The stropgly banded character of the Kennack Gneiss ,. 
res.ul ted from a high strain gradient · at the base of the 
Lizard complex ~t that .time. 
Major element chemistry o( the mafic fractions suggest 
a volcanic arc influence in generati·on• of these rocks. 
Similarly, trace and rare earth element chemistry· in 
co~ination with tectonic discrimination diagrams support a 
volcanic arc setting of generation for the two magmas. 
__ These · ooservations have significant implications for 'the 
geotectonic history of the Lizard complex~ 
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Plate 10. A small · intrusion of gabbro in hematized 
peridotite. Note fine grained margin and coarse 
g rained core. Photograph taken at base of .Thorny 
Cl i {f. 
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Plate 11. Augen to mylonitic gabbro at Polgwidden. 83 
Scale is the size of a quarter. 
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Plate 12. Large plagioclase grain (right) with 
intercumulate clinopyrqxene grain (left) in 88 · 
sample L7-48. Note the clinopyroxene being 
replaced along 11~ cleav~ge planes. "Field of view 
is 3.5 mm unde~ crossed polars. 
Plate 13. One metre thick epidiorite phacoid in the 93 
Old Lizard Head Series at Polpeor Cove . . 
Plate 14. A 40 em thick Group 2 dyke in medium-
grained gabbro at Coverack 'Beach. Note the lack of 93 
plagioclase phenocry'sts in this dyke. 
Plate 15. A one metre thick Group 3 dyke cuttin~ 97 
medium-grained homophanous gabbro at Godrevy Cove. 
Plate 16. Subhedral, straw yellow to• orange 
amphibole and large plagioclase phenocryst, in a 97 
Group 1 dyke from Godrevy Cove (L7-2~A). Field 
of vi~w is 1.1 mm under crossed polars. 
Plate 17. Photomicrograph of embayed euhedral 
olivine and prismatic plag~oclase phenocrysts in ·r · lO l 
a fine grained microgabbro matrix (group 2: 
L7-12A). Field of view is 3.5 mm under crossed 
polars. 
• Plate 18. Chlorite and fibrous yellow actinolite 
replacing clinopyroxene in a microgabbroic Group 3 10 1 
dyke (L7-19A). Field of vie w is 3.5 rnm under crossed 
polars. 
Plate 19. Group 4 dykes pinch, swell and anastomose 
thruugh hematized bastite serpentinite at Eastern 106 
Cliff, Kennack Sands. 
0 
Plate 20. Photomicrograph of fine grained Group 4 
dyke (L7-1). Note prismatic, subhedra!, pale yellow · 10 6 
amphibole and SpUssuritized, anhedral p~agioclase. 
Field of view is 1.1 mm under crossed polars. 
Plate 21. Dominantly mafic, discontinuosly bande d 
gneiss near the margin of an intrusion of Kennack 11 8 
Gneiss at Little Cove. ,. 
Plate 2 2. Dominantl-y hybrid to grani ti'c gneiss at 
the core of an intrusion of. Kennack Gneiss at 
Little Cove. 
Plate 23. Fine continuo~s banding ln a mafic banded 
gneiss at Polbarrow. Field of view is approximately 
10 rae tres. 
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Plate 24. A Boudinaged dyke of orange to pink, 
fine-grained, sugary qranite at Kynance Cove. 
, "j ... 
Plate 25. Pinkith~white granite c~oss-cuts medium-
grained diorite at Kennack Sands. 
Plate 26. Rounded gabbroic inclusions ' and large 
plagioclase phenocrysts (xenocrysts?) in a fine- _ 
grained gabbroic matrix, at Kennack sands. 
Plata 27. Agmatic migmatite where granite·· can be 
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seen to net vein a fine-grained basaltic host. 128 
Locality is Thorny Cliff. 
Plate 28. Diffuse resorbed inclusions of medium-
grained gabbro are partly digested in a 128 
rnonzodioritic host. Photograph taken at Thorny 
Cliff. . 
Plate 29. A medium-grained monzonitic felsic 
fraction _is intimately interfirigered with a medium- 132 
grained gabbroic mafic fraction. Photograph taken 
at Thorny Cliff. 
Plate 30. At Thorny Cliff, a pale-orange felsic 
fraction is intimately folded and interfingered wit~ 132 
a fine-grained mafic fraction. 
Plate 31 . At Kildown Point, irregular_ pods of 
granitic ma~erial sit on top of ana truncate the 137 
foliation wi'thin underlying Traboe-r"ike hornblende 
schist • . 
Plate 32. A sill of dominantly banded gneiss, at the 
peridotite/hornblende schist contact( near the .Devii s 
Frying Pan, contains thin discontinuous lenses of 
mafic material (mafic fraction of the Ke.nnack 
Gneiss). These lenses contrast sharply with the ' 
larger screens of foliated, medium-grained, green-
grey bornblende schist. __ Note the granitic material 
to the extreme left of the photograph. 
Plate 33. At Polbarrow, a small body of pegmatitic 
gabbro ~ntrud_es green-black peridotite. _,-
Plate 34. A lent~cular inclusion of foliated 
coarse-grained gabbro within rnicrogabbroic mafic 
gneis s, which is itself intruding medium-grained 
gabbro. Locality is The Chair. -
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Plate · 35~ At Enys Head, a 1 metre wide mafic dyke 
abuts aqainst a 3 metre thick sill Jf mafic banded 146 
gneiss. Note the apparent smearing of the dyke to 
the. left of the photograph. 
Plate 36 . .-At Th~rny Cliff, a 2 · rnetre long phacoid of 
talcified peridotite can be seen to sit within a · 1 4 6 
dominantly granitic gneiss. ~ · 
Plate 37. A ~hotomicrograph of typical medium-
grained granular granite with accesso'ry muscovite ':160 
(L7-53). Field of view is 3.5 mm under c~ossed 
polars. 
Plate 38. A photomiqrograph of hybrid gneiss (L7-B) 
where chloritized biotite-grains and actinolitic 160 
amphibole warp around a saussuritized plagioclase 
phenocryst. F·ield of vlew is 3.5 mm under crossed 
polars. · · . · 
4 
Plate 39. Green to pale-yellow pleochroic, anhedral 
hornblende with subhedral partly saussuritized 167 
plagioclase-grains in a medium-grained b4otite-
plagioclase-hornblende schist (L7-72). Bioti~e 
rs present as orange alteration rims on amphibole 
grains. Field of view is 3. 5 mm under \PPl. 
Plate 40 . A saussu~itized plagioclase p~~nocryst 
with gr~ to pale-yellow pleochroic', -anhedral 1 6 7 
hornblende in a medium-grained biotite-plagioclase-
hornblende schist (L7-70). Note the orange anhedral · 
biotite as well as rare euhedral sphene . Field of 
view is 3.5 mm under ppl. 
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' LIST OF SYMBOLS AND ABBREVIATIONS 
ABBREVIATIONS: 
REE 
LREE / 
HREE 
MREE . 
MORB 
LFSE 
H~E 
CAB 
IAB 
LKT 
ORG 
WPG 
VAG 
synCOLG 
PM 
OLHS 
MOW 
SYMBOLS* : 
D* 
oe 
0 
Rare earth elements 
Light rare earth elements 
Heavy rare earth elements 
Middle rare earth elements 
Mid-ocean ridge basalt 
Low field strength_ element 
High field strength element 
Calc-alkaline basalt 
Island arc basalt 
Low potassium tholeiite 
Ocean ridge granite 
Within plate granite 
Volcanic arc granite • 
syn-collisional granite 
Primitive mantle ' 
Old Lizard Head Series 
Man of War Gneiss 
• 
Felsic fraction of the Kenhack Gneiss 
Mafic fraction of the Kennack Gneiss 
Hybrid Gneiss 
6 Micaceous Schists ',""-
M Hornblende Schists 
.) * unless otherwise specifi~d 
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INTRODUCT!()N 
~ Introductory statement 
The ·Lizard complex, southwest England is believed to 
represent a·· ·fragment of Devonian ocean crust. The Lizard 
complex is intruded by a suite o~ compositionally -banded, 
variabJ:y deformed intrusive rocks termed tl\e Kennack "-. 
Gneiss . . Although the Kennack Gneiss d~es not constitute a 
major part of the Lizard co~plex, complex field 
relationships and a variable appearance has made their 
1 
interpretation difficult. This is reflected in t~ long 
history of controv~rsy surrounding the nature an~~rigin of 
the gneisses. 
A detailed field, petrographical and geochemical study 
' of the Kennack Gneiss was initiated during the summer 
months of 1987. The ptirpose of the study was three,fold: to 
map in detail the coastal occurrences of the gneiss; to 
determine the nature of the gneiss and its relationship•to 
c 
the various rock types of the Lizard, utilizing field 
relationships and observed textures: and to determine .the 
origin of the Ke nnack Gneiss ~hrough the use of high 
precision geochemical ~ata . . 
I 
I 
Previous geological investigations 
..... 
A detailed summary of early geological work · in the 
Lizard area can be found in the classic memoir of Flett 
.-c-) (, .. 
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( 1.946). The following is a shortened account 
1 
of. many of the 
most signifi~nt geological studies to date. 
The Lizard area has a long history of both mi~ing and 
I 
geological investigations. Mining activities date back many 
centuries and include quarrying•of serpentinite for 
ornamental stone, mining of native copper southwest of 
Mullion and talc for use in china production. The taic 
.. 
forms in metasomatic haloes around small granite plugs· in 
the serpentinite, such as the granite at Gew Graze (figure 
1. 1) • 
··_/\ 
Most mining activities within the Lizard area had 
ceased by the beginning of the 1800's which surprisingly 
corresponds with the commencement of geological 
. ·' 
investigations.in the area. The first geological map of the 
Lizard was produced by Majendie (1818). On it he recognizes 
all the pri~cipal iock types including serpentinite, 
gabbro, black d\kes, schists and gneiss and also accurately 
positions the respective geological contacts. Following 
Majendie, the work of De la Beche resulted in the first 
complete series of Geological Survey maps of the area, 
which also describe in considerable detail the geology of 
the district (De la Beche, 1839). De la Beche's account of 
. 
the mica-schists, hornblende schists, serpentinite and 
' gabbro can perhaps be regarded as the first from .a modern 
point of view (Flett, 1946). However, it is interesting to 
note that like many of the following authors, De la Beche 
, 
4 
seemed to be perplexed by the Kennack Gneiss. This .is 
evident from his maps, as in some localities the gneisses 
are mapped as granitic intrusions and in other localities 
they appear as hornblende schists. Another aspect of Lizard 
geology which appears to have perplexed De la Beche was the 
relationship of the serpentinite and hornblende schists to 
those rocks found north of the Lizard in the Meneage. As a 
result, he came to no poaitive conclusion on the structure 
and relative ages of these rocks. 
From the years 1877 ~~ 1914, the renowned Cambridge 
geologist, Reverend T. G. Bonney visited the Lizard 
Peninsula a number of times. His initial assertions wete 
~ 
that the oldest rocks present were the mica schists, 
hornbl~nde schists and the granulitic group (later called 
the Kennack Gneiss) and that these were intruded by the 
serpentinite. Gabbro intr~ded the serpentinite and both 
were the n cut ~y black dlkes and granite veins. Bonney 
(1896) considered that the Kennack Gneisses as well as both 
the hornblende and micaceous schists were originally 
sedimentary in origin and had been .~ubjected to extensive 
deformation and metamorphism prior to intrusion of the 
serpentinite. He recognized that the close structur~l 
relationship between the Lizard rocks and the greywackes 
and slates farther north in the Meneage was not a 
continuous geologic al transition. This was unequivocal 
evidence f or a "great dislocation" between the two distinct 
\ ) 
rock units. 
An alternative hypothesis was presented by Teall 
(1877), who suggested ehat much o\ the widespr~ad 
metamorphism in the Lizard rocks was a result of 
"dynamometamorphism"; He also suggested that the cross-
5 
CQtting relationships and interlockinq te~tures seen ·in the 
•Kennack Gneisses indicated they had an igneous origin and 
that the gneissic banding present was the result of this 
dynamometamorphism. Fox (18B8, 1891) presented detailed 
. 
descriptions of the Man of War Gneiss and the micaceous 
' 
schists. Somervail (1893) proposed that the sequence of 
Lizard rocks could ~11 be linked _by magmatic segregation in 
~. a sub-volcanic magma chamber. Although this proposal did 
jnot .seem to inspire other workers of his_time, it was the 
.J 
first step towards the recognition of the magmatic 
relationship between the crystalline rocks of the Lizard. 
Lowe (1901 and 1902) discu~ed the sequence of the Lizard 
rocks. His synopsis of the relationships followed the same 
lines as thos e ~-Teall (1877), however, he insisted that 
the relations~ips of the granulitic roc~s to the other 
rocks of the Liza rd indicated that these .are the youngest 
rock type pre sent. He s upported his conclusion by showing 
that th~ gran~litic s eries cut the epidioritic dykes and 
taat the gra nulitics also contain inclusions of serpentine 
and gabbro. 
In 1912, J. S. Fl~tt published the first comprehensive 
' 
Figure 1. 2: Geological map of the Lizard complex and 
surrounding area. Adapted from British Geological Survey ~ap sheet 359 using suggested corrections fr6m Bromley 
(1979) and M. T. Styles (personal communication). 
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Geological Survey memoir on the rocks of the Lizard and 
Meneage. Flett ~nerally followed the ideas of Sorrunervail, 
·' 
Teall and Lowe, in· that he believed . that the Lizard age 
sequence was schists-serpentinite-gabbro-dykes-banded 
gneiss." Perhaps the only signf'fi'cant change was that the 
' banded gneisses were a result of fluxion of a heterogeneous 
magma rather than a rolling out effect as suggested by 
Teall ( 1887). Tilley ( 1937) examined the micaceous schists 
of the ~ld Lizard Head Series, and noted a number of 
assemblages including; staurolite + cordierite + 
~ ' 
anth6phyllite; cordierite ± almandine; anthophyllite + 
cord~erite ± almandine; and cordierite + staurolite + 
andalusite. The presence of these minerals indicated that a 
I ' ~ 
high temperature metamorphic event accompanied shear 
stresses during deformation of the Old Lizard Head Series. 
Hendriks (1939) cti·scussed the relationships of both · 
the Lizard and Start metamorphic complexes with the 
. 
sedimentary rocks cropping-out to the north (figure 1. 3) . 
She suggested that the metamorphic rocks were separated 
? 
from the sediments to the north by a thrust zone consisting 
of a sequence of nappes formed during Variscan time and · 
that this boundary zone is possibly. continuous and may be 
traced in the subsurface from the Start Peninsula to .the 
Lizard Peninsula. Scrivener (l939a,b) published a number of 
papers on various aspects of Lizard geology. He believed 
" ( . 
that· the ·Old Lizar-d Head Series was the time equivalent of 
r"" 
"' 
Geological Map of S. W. England 
Adapted · from Edmonds et . al .. 1975 
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FIGURE 1.3: Geological map of southwest England. After Edmonds et al., 1975. 
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the Devonian meta-sediments found north of the Lizard. 
These sediments were then intruded by the hornblende 
schists and serpentinite in that order. In response to the 
work of Hendriks (1939), Scrivener (1949) published a paper 
expressing his beliefs on the Lizard Boundary problem. He 
· l):ons;.dfi7red that the Lizard Boundary is simply the northern 
margin of deformation related to the intrusions of 
hornblende schist and serpentinite, and that no large 
boundary fault exists. 
It was not until 1955 that researchers began to focus 
on the structure pf the Lizard rocks and the relationship 
between them and the rocks of the Gramscatho Group (figure" 
,, 1.2). Sanders (1955) examined the rocks along the southeast 
,> 
.' ~ coa;;~g Lizard from Kennack Sands to Lizard Point. 
#'~'- . 
~ 
From detailed observation of the contact relationships 
between the vari~us rock types present, he concluded that 
in that particular area, the serpentinite was actually a 
thin sheet overlying the Landewednack hornblende schists 
rather than a plug like intrusion cutting through them. The 
close relationship of the Kennack Gneiss to the 
Landewednack schists and their mutual banded characters 
suggested to Sanders that the gneisses were the migmatized 
equivalents of the Landewedn~ck schists. Green (1964a, 
1964b and 1964c) re-examined the rocks of the Lizard 
Dis-crict in a modern context. His first paper (Green, 
1964a) concentrated on the origin and petrogenesis of the 
I 
11 
Lizard peridotite as vel! as its relationship to the 
/ 
hornblende schists. From close examination of a number of 
sections o,n the west coast of .the Lizard, he concluded that 
the hornblende schists represent· the high temperature 
metamorphic aureole ptoduced during intrusion of the 
peridotite into a· region undergoing amphibolite facies · 
regional metamorphism (Green, l964a,b). 
-~ 
Perhaps the first suggested oceanic origin f.or ln~ 
\ 
Lizard peridotite came from Thayer. ( 1969) . He recognized 
.. 
that th·~ rock associations found on the Li~rd Peninsul~ 
were similar to those found on mid-ocean ridges. 
The Penrose Conference of 1972 resulted in the 
definition of an idealized ophiolite sequenc~. These .new 
:J 
developments led to the publication of numerous papers on 
the rocks of the Lizard, but recoqnition of the 'Lizard 
complex as an ophiolite lagged behind many of . the better 
known exa~ples, as the Lizard is hig~ly dismembered and not 
all of the units requi;ed by the ophiolite model are 
0 
present. The presence of peridotite, gabbro, and a small 
zone of she~ted dykes suggested to Bromley (1975) and 
Strong et. al. . ( 197 5) that the Lizard col,fld be interpreted 
< . 
as ophioli~ic in o~igin. Bromley (1975) included an 
important discussion on the origin of the Kennack Gneiss, 
where he stated that the mutual exclusivity of the gneiss 
aitd the Old Lizard Head series sugge~s that the Kennack 
"-
GnEi~s may be the miqmatitic equivalent of the micaceous 
0 
12 
schists. Strong et al. (1975) similarly suggested that the 
gneisses may be the migmatized equivalents of the 
hornblende schists. 
Floyd (1976) presented a summary of Lizard geochemical 
~ . 
data. Badham & Kirb·y ( 1976) made the assumption th.at the 
Lizard is.definitely ophiolitic and they attempted to 
relate t~e generation of the gabbro ~nd diabase dykes to 
the Lizard peridotite using the typical . ophiolite model. 
A number of following publications (Bromley, 1979; 
~ 
Kirby, 1979b; Styles & Kirby, 1980; ·and Vearnecomb, 1980) , 
~ ~ I 
all dealt with the same idea of presenting geochemical data 
to expo~nd the ophiolitic nature ~f the Lizard. 
Most significantly, a borehole on Predennack Downs 
{fig 1.2) demonstrated the sheet-like form of the 
peridotite where the peridotite was o~ly 300 m in thickness 
(Styles & Kirby, 1980). Kirby (1979a), dealt with the 
petrochemistry of the Lizard rocks and attempted to relate 
' . 
them to an ophiolitic model. He concluded that the Kennack 
Gneisses . consist .of two distinct suites; l)'those derived 
by metamorphic segregation of the hornblende schists 
directly below the basal thrust, and 2) those derived 
through partial melting and co~plete migmatization of 
interleaved micaceous and horn~lende schists. 
The current phase of research on the Lizard complex 
-
and southwest England as a whole has tur~ed to the problem 
of relating the generation and empiacement of th~ Lizard 
( 
.• 
I 
t 
.  
., 
complex to a plate tectonic se~tin~ of southwest England 
during the Devonian. This involves reiating the Lizard 
rocks to those found to the north in a structural and 
temporal sense. 
Kirby (1984) ~emonstrated a variation in the 
13 
chemistry of Lizard basaltic dykes with time, and suggested 
a petrogenetic model involving a pulsatory magma chamber 
.:; ' . 
source for these dykes. ~he question of the relative 
temperature of the ophiolitic slab during emplacement was 
a~dressed by Barnes & Andrews (1984). They examined the 
Meneage melange ( fig1ire ·1. 3) and _the Devonian Gramscat~c;>_ 
beds to the north of the Lizard in order to determine 
whether or not a thermal aureole does exist within these 
rocks. They concluded that the Lizard complex mus't have 
been emplacec:I ont·o. the Gra~scatho 'oup aft~r it had cooled 
considerably (T~ 300 ±~so •c). Data collected. and presented 
by Rattey & Sanderson (1982, 1984) on structures within the -
sedimentary" rocks to t6e north .of the Lizard was evaluated 
with respect to the kinematics and dynamics of deformation 
so ~s to determine the orientation of stress fields during 
t~is deformation event. Leake & Style~ (1984) discussed the 
significance at the results of three boreholes drilled in 
, 
the Traboe area (figure 1.1). They noted a discontinuous 
~-
sJquence of mafic-ultramafic cumulate ro~ks "which are 
missing in other exposed localities of the Lizard. Davies 
. ' . ' 
(1984) presented a discussion of Sm-Nd isotopic data on 
.... 
14 
various' rocks of the Lizard. He· used this da.ta to determi ne 
~ 
an age of formation of the Lizard complex at 375 ± 34 M~. 
He also discussed the p~ssibility of two distinct Lizard 
magma ~uites, an early trace element enriched suite and a 
' 
later MORB-like suite which are related to,two distinct 
peridbtitic sources. Davies (1984) suggested that these two 
magmas and their temporal relationship supports a Red Sea 
~ype model for formation of the ultramafic and mafic rocks 
of the Lizard complex. 
Barnes & Andrews (1986) presented a comprehensive 
\discussion of Lizard and _surrounding geology in r~}ation to 
the development of flysch ~YPi basinal sequences 
corresponding to the .Gramscatho bed~ and related these to . 
plate tectonic models involving transcurrent faulting 
combined with pull-apart basin development within a small 
intra-continental sea. 
Malpas & Langdon (1987) discussed the origin of the 
Kennack Gneisses. Evaluation of their data suggested that 
. 
the gneisses were produced through partial melting and 
. 
complete mi~tization of the Landewednack and Old Lizard 
Head Series schists in local zones beneath a hot, recently 
displaced ophiolite. ., 
\ 
~..:. 
.L..l Field Work and Project Scope 
Field work was carried out from May to August, during 
the summer of 1987. After an initial study of the regional 
. ') 
• 
' J 
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setting of the Lizard, detailed mapping at a scale of 
• 1:1400 was undertaken along t~ southeast coastline of the 
Lizard from Kennack Sands to Church cove. {figure 1.2). This 
was followed by careful geochemical sampling of the various 
' t 
rock typ~ in the map area as well as trom other suitable 
localities elsewhere on the Lizard Peninsula. 
Upon completion of the field work, a week was spent at 
t 
the British Geologic-al Survey in Keyworth, Nottinghamshire, 
' ' ,. 
England obtaining additional ge-ochemical . samples from thet"". 
· 1978 Kennack Sands borehole. During this time all of .the 
geochemical samples were slabbed, crushed and then ~plit 
• J • d 1nto quarters for easy sh1prnent to .Cana a ·. 
This project was conceived in order to determine the 
v 
origin of the Kennack Gne~ss. A number _o.f specific points 
of current debate are· 
1) Do the fels·:: 1nd mafic portions of the Kennack 
Gneiss repr~:t two distinct magmas? If so, how 
are these twq(magmas related? 
2) What is the origin of the felsic magma? 
3) What is the origin of the mafic magma? 
4) Are the "black dykes" relacea to th~ mafic porti~n 
of the gneisses? 
5) What is the origin of the Man of War Gneiss? 
6) What is the origin of the gabbro exposed along the 
. .' 
cli~fs from Parn Voose Cove to Polqwidden. 
7) What temperatures were attained during deformation 
.. 
• 
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within the hornblende and micaceous schists and ~ 
would these temperat~es be capable of producing 
~partial melting. 
These questions are to be examined using th·~ 
combination of detailed petrography and field observation} 
with evaluation of a comprehensive set of geochemical data . 
~ Location and Access 
The Lizard Peninsula, otherwise known as the Lizard, is 
located in county Cornwall and forms the southernmost point 
of mainland Britain {figure 1.1). The namesake of th=-l 
Peninsula is the community of Lizard, ~hich is also the 
vil~age from which geologists have coined the term "the 
. 
Lizard Complex" to include all of the rock types associated 
with the mafic-ultramafic body found there. The nearest 
community of reasonable size is Helston (pop. 16,000), 
which is located approximately 15 minutes by car no~thwest 
of Lizard. The main highway accessing the southwest region 
\ 
of Engljmd is route A56 which originates in Londo.~. A 
~- -----c~lete network of smaller B cl~ss roads enable one to 
\ccess much of the Lizard Peninsula by car and these are 
complemented by a large number of footpaths and trails. 
Most of the field mapping an~sample acquisition was 
performed along coastal sections of the Peninsula~ The top 
~ 
of the cliffs from Church Cove to Eastern Cliff were 
readily accessible through the use of the N~onal Trust's 
\. 
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Scenic wildlife trail. Access to beaches a~d tidal zones 
could ·frequently be obtained through use of small footpaths 
which branched from the main trail. 
• 
~ Physiography 
Ttte ·LizaAd Peninsula compr.ises a single platform which 
rises abruptly out of the English Channel to a height of 
approximately 65 m at ~he/coast and 
slowly inland to a maxf~m of 112 m 
then continues to rise 
above sea level at The 
Beacon near St. Keverne (figure 1.1). This steady inc~ease 
in elevation is not typical of the Lizard, as much of the 
central portions such as the Predannack and Goonhilly Downs 
are extremely flat with little'chan9e in elevation over 
many square kilometres. Sharp coastal bluffs are 
interrupted by valleys and cobble beaches only where small 
• 
country streams have eroded their way down through the 
resistant serpentinite bedrock. This style of physiography 
) 
ha~ a profound effect on the amount of bedrock exposure. 
Coastal outcrops are supe~b, supplying an ext~nsive 
~ 
vertical and lateral cross-section of the geology. However, 
once one moves inland outcrop is extremely poor, bfing 
) 
limited to roadstone quarries and infrequent roadcuts. From 
Eastern Cliff to Church Cove, many small coves with cobble 
I 
beaches can be found.\ These are dominantly underlain by 
Kennack Gneiss. Promontories and near vertical, stepped 
-----
cliffs are the typical expression of an underlying bedrock 
18 
of serpentinite and hornblende schist respectively. Beaches 
are rarely developed where localities are underlain by 
serpentinite or hornblende schist and as a result, tidal 
ranges in these localities cover a minimum of exposed 
bedrock. This restricts ~xposure to the vertical section 
exposed in the cliff faces. 
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CHAPTER 2 Geology and .S~ructure of southwest England 
This chapter will be devoted to a descr~ption and 
discussion of the geology and large scale structure of the 
counties of Cornwall and Devon in southwest Englanq (figure 
2.1). It will provide a basis for disc~ssion of the paleo-
tectonic setting during generation of the Kennack Gneiss. 
\ 
. I h,l General Sett1ng ·. 
Southwest England lies within the Outer or 
Rheno-Hercynian Zone of the Hercynian Orogen. The Hercynian 
orogen, the European term synonymous with the Alleghanian 
orogen in North America, preserves structures traditionally 
believed to have resulted from the final stages of closure 
o~ the Proto-Atlantic (Iapetus} Ocean·~uring the la~e 
Paleozoic (figure 2.2). Structural, plutonic and 
sedimentological styles related to this Permo-Carboniferous 
orogeny can now be recognized within various zones along 
the Atlantic borderlands (Williams, 1984). The Ouachita and 
Alleghanian orogens of North America, the Mauritanian 
orogen of northwest Afri~a and the Hercynian orogen of 
Europe all represent ti'rne equivalent zones w crustal 
deformation. 
2.2 Permian and Younger rocks. 
The development of a comprehensive stratigraphy for 
Figure 2.1: Schematic tectonic map of · southwest England. 
Compiled from the literature. 
" . 
DMG - Dartrnoor granite 
BMG - Bodminrnoor granite 
STG - St Austell granite 
CG - carmanellis granite 
LED - Lands End granite 
CT - Carrick thrust 
LT - Lizard thrust 1 
CN - Carrick Nappe 
LN - Lizard Nappe 
ST Start thrust 
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Fi gure 2.2: Map of the North Atlantic region showing the areas most 
strongly affected by Late Paleozoic (Hercynian) 
orogenesis (Williams, 1984). 
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southwest England has been limited by the p·aucity of inland 
outcrop combined with a lack of biostrqtigr~hical control 
(particularly in Devonian ;rocks) . More_ detailed 
stratigraphic work combined with a better understanding of 
' thrust tectonics and geophysical data has resulted in the 
realization that the rocks of Cornw~l~ and Devon are 
structurally dismembered by nrimerous thrust faults (Selwood 
& Thomas, 1986a,b; Day & Edwards, 1983; Holder tf Le_yeridge, 
1986; Whalley & Lloyd, 1986 and Brooks et al., 1984) . In 
order to discuss stratigraphy in any relative time scale, 
one must first have a good control on the structure, and 
then attempt to link the structure and stratigraphy to 
obtain a full geological picture. 
Rocks which place an upper time limit on the age of 
deformation within southwest England are Permian in age. 
These consist of dominantly red aeolian deposits, overlain 
by a sequence of Cretaceous limestones and chalks. This 
sequence of Permian and younger rocks unconformably overlie 
and provide a cover sequence to the older deformed rocks 
exposed further west. The red bed, aeolian sediments are 
considered to represent a stage of erosion and subsequent 
terrigenous deposition prior to the onset of rifting of the 
present Atlantic ocean. Examination of the accompanying 
geological sketch map of Devon and Cornwall (figure 1.3), 
reveals the presence of the post to syn-tectonic NNE/SSW 
trending Hercynian batholith. This large S-type granite 
., 
c 
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batholith has given isotopic age dates ranging from ?03-2~ 
Ma, indicating its formation during the final . stages of 
.. 
Hercynian orogenesis (Edmonds et al., 1976). Expo'sed 
cupolas of this granite are generally undeformed and 
intrude a series of sedimtantary rocks ~anging .from Lower 
Devonian to Upper Carboniferous in ag~. The origin of the 
Hercynian batholith is still speculative, however re~ent 
deep crustal seismic studies (Brooks et al., 1984) suggest 
a sheet like form for the 
' concurrent recognition of 
reflectors, interpreted 
~ 
batholith may have been 
-
i te (figure . 2_. 3) • The 
r southeast dippinq crustal · 
sts, suggest that the 
its 
present location and subsequently emplaced northward along _ 
these thrusts (Shackleton et al., 1982). 
2.3 Carboniferous Rocks 
Those sedimentary rocks of SW England which . have been 
subjected to Hercynian related orogenesis can be. divided 
into a Carboniferous synclinorium in the north and a 
. . 
complex, imbricated sequence of Devonian rocks in the 
south. 
~.3.1 Carboniferous Stratigraphy and Lithology 
Based dominantly upon trilo~te, goniatite 
conodont faunas, the Carbo.~iferous rocks can be 
and 
divided 
r into three distinct time units. (Edmonds et al, 1976). The 
----· 
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Figure 2.3: Schematic cross-section through southwest England showing the sheetlike form of the 
Hercyn}an batholith and its proposed northward directed intrusion and thrust emplacement. 
Adapted after the suggestions of ·Day and Edwards (1983). 
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Lower Carboniferous sequence, consists or grey shai~ with 
m~nor units of sandstone, lava, limestone and chert . . rt 
forms relatively continuous, narrow belts along the 
northern and southern margins of the synclinorium {figure 
1.3). overlying this is a thick sequence of Namurian rocks, 
consisting of shale with thin interbedded turbiditic 
sandstone layers. ·-The~entral portion of the syncline is 
composed of a thick sequence of Upper carboniferous 
(Westphalian} sandstone, si'ftstone and shale (figure 1."3). / 
.  
The Carboniferous rocks were deposited in a narrow, 
bra~~ish and fresh water dominated basin (Hig~l984) with 
a'no~thern sediment source. The exact nature of he 
I 
environment is still considerably controvers:al. The · 
presence of thick sequences of deep marine and sl?pe type 
facies (black shales and fine sandstones} suggests 
deposition1 in relatively d~ep water, possibly a delta fro"nt 
and basin. However, the lack o~~xpected primary 
sedimentary features such as large scale coarsening-upward 
cycl;es and erosion cha,nnels has argued against such a 
proposal. 
\.../ "'-R~cent work has shown that cyclic facies changes 
?bse~ed throughout the Upper carboniferous rocks can be 
attributed to influxes of saline water into a dominantly 
lacustrine basin (Higgs, 1986) • . Results of the same study, 
utilizing hummocky cross-stratification bedforms in8Jcate 
· that the floor of the basin was modified by frequent storm 
28 
I 
wave ac~ion. This provides evidence that the depositional 
basin was between 20 and 200 metres in depth. 
2.3.2 Structure of the Carboniferous Basin 
The c'arbon~ferous str.ata are deformed into a series of 
generally upright, open folds having sub-hor~zontal east-
west trending fold axes and wavelengths ranging from metres 
to kilometres (Higgs, 1984). The orientation and style of 
~ folding appears to change near the southern margin of the 
syncline. This is interprete~ as a result of late•stag~ 
Hercy~ian deformation. 
Near the community of Bude (figure 1.3), ·the 
Carboniferous sediments are deformed into upright, 
generally open to close mesoscopic folds which are'south 
\ 
facing and have sub-horizontal ~ld axes bearing E-W 
(figure 2.4). As one moves south towards the southern 
margin of the Carboniferous sequence, the folds become 
.. 
progressively more recumbent, axial planes flatten towards 
hodzon~al 'and cleavage becomes more pronounced. The folds 
also ,rotate somewhat and the trend of their axial planes 
orients N-S. Minor F2 as~metrical folds can be seen 
folding,Sl cleavage al9ng the southern margin of the 
Carboniferous rocks (Rattey & Sanderson, 1982). The 
transition~rom upright to recumbent folds, along with an 
increase in deiormation towards the southern margin of the 
Carboniferous sequence has led Whalley & Lloyd (1986) to 
• 
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s.w. England. 
Adapted from Ratt ey 8 Sanderson (1982) . 
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Figure 2.4: A schematic geological cross-section through southwest England. Adapted from Rattey and 
Sanderson . (1982). The age of deformation decreases from southwest to northeast. A-C 
corresponds to figure 1.3. 
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interpret the F1 folds as resulting from southerly directed 
simple shear. The southerly directed thrusting is opposite 
to typical northerly directed Hercynian deformatidh. 
Whalley & Lloyd (1986) suggest that movement along a gently 
northwa~d dipping thrust represents an episode of major 
back-thrusting during Variscan orogenesis. 
2.4 Devonian Rocks 
Devon~an ~ocks are found ~o the north of th~ 
C~niferous synclinorium, howeve.r, mor~ importa1~ly they 
dominate the geology of · south Devon, and Cot,wa~l. 
Excluding the Permo-carboniferous gran :_tes, and , the rocks 
~ 
a~sociated with the Lizard complex, ~.e remaindei of south 
I 
Devon and Cornwall a~~ ~omposed of Davonian sedimentary 
rocks with intrusi•e alkalic and tuoleiitic (enriched MORB) 
basalts. 
2.4.1 Nortfi Cornwall and South Devon 
The central region of southwest England, transecting 
the Bodmin anq Dartmoor granites (figure 2.1), consists of 
.. a complex imbricated sequence of Middle to Upper Devonian 
grey-black slate with minor conglomerate, sandstone and 
localized volcanic flows, tuff and intrusive rocks. Until 
recently, this area was considered to be a zone of 
relatively simple structure, where a conformable succession 
of Middle Devonian to Upper Carboniferous rocks were fold~d 
.. 
, 
. ~ f 
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~n an open south facing antiformal structure (Rattey & 
Sanderson, 1982; Shackleton et al., 1982). Detailed field 
work performed by Selwood & Thomas (1986a,b) and Issac et 
al. (1982) indicates that this region of Cornwall and Devon 
is a zone of shallow rootless overstep thrust nappes where 
the younger thrusts ha~e· form-rd in 17 hang_ing walls of the 
older thrusts. The direction of thrust movement is towards 
~he northwest, which is in contrast to that suggested by 
Rattey & Sanderson (1982) and Whalley and Lloyd (1986). 
Perhaps in this locality, the progressive southward 
overturning of structures within the Carboniferous · ( 
succession from upright to recumbent folds occurs on a 
south limb of a southerly directed large scale 
Carboniferous structure. This forms a bac~thrust as a 
. ' "" p~ssive roof duplex (Morley, 1986) over ·the ~~ward 
directed i~ricated central zone (figure 2.5). 
2.4.2 Cornwall 
~terpretation of the stratigraphy within 
south/central Cornwall is made difficult by a virtual 
\ 
absence of faunal age controls. As a result, ndmerous 
A-
authors have concentrated on combining the stratigraphy 
with detailed structural analyses. Structural mapping has 
revealed that much of Cornwall, particularly the western 
I 
portion, has suffered little dismemberment relat~ve to ~he 
eastern portion (Holder and Leveridge, 1986). A lac~of 
0 TIP LINE 
N 
/DUPLEX 
s 
:::.. 
................................. 
···· ··· ············ ················· 
Figure 2.5: Sketch showing the formation of a back-thrust ai a passive roof duplex. 
After Morley (1986). 
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evidence for major·tectonic transportation permit~ the use 
of the term "para-autochthon" for the rocks in the western 
portion of Cornwall. The rocks found in the eastern portion 
can be termed allochthonous (figure 2.1). 
2.4.2.1 Para-autochthon structure and stratigraphy 
A stratigrapic discussion of the generally undissecte~ 
para-autochth~provides one with a sufficient background 
to discuss the structurally complex allochthon, as the 
stratigraphy is similar in both sequences. 
The highly dismembered sequence~ of Upper Devonian and 
Lower Carboniferous rocks of nort~ Cornwall and south·Devon 
have been thrust over the mildly disturbed Lower Devonian 
• 
rocks of ~e south Cor~wall para-autochthon (Selwoog & 
Thomas, 1926b). The relationships between units within the 
para-autochthon appear ·to be generally transitional 
... 
sedimentary junctions, however, this interpr~tation is 
question3r;le. as some facies transitions have beerl 
interpreted to be thrust modified (Cowa~d & McCliy1 1983) . . 
The Devonian sedimentary rocks.of the para-autochthon 
grow progressively younger towards the south, being of 
Siegenian age in the north, and Famennian age in the south. 
This southerly younging corresponds to a change in facies 
from nbrtherly derived lagoonal, fluviatile and intertidal 
terrestrial sediments to southerly derived, deep marine 
basinal sequences. The majority of the rocks composing the 
f 
.'1 
para-autochthon consist of Middle Devonian, Gramscatho 
Group greywackes and slates which are interpr~ted as 
representing flysch facies sediments which have been 
. 
deposited in a foredee2 basin in front of a no~thward 
migrating tectonic front (Floyd & Leveridge, 1987). 
Structural elements within the para-autocthonous 
region of ·Co~nwall are re~arkably consistent (Rattey & 
Sanderson, 1982 and 1984). Small scale Fl fold axes are 
doubly plunging with shallow dips to the NNE and WSW. Sl 
.. 
foliation planes trend NE-SW and dip gently to the SE. 
34 
Small scale 02 structures have locally been superimposed on 
the Dl structures, producing upright to moderately 
inclined, open to close F2 fo~ds. Sl cleavage is also 
crenulated by the d~~elopment of a weak 52 cleavage (Rattey 
& Sanderson, 1984). 03 structures,, represented by small 
scale recumbent folds have also been recognized, however 
they appear to be confined to the margins of the Hercynian 
, granites and are possibly related to their emplacement. 
J Coincident with the small scale folding was the formation 
of large anticlinal and synformal structures trending NNE~ 
ssw, paralleling the trend of the granite batholith. 
,, · "'" 
J ";. 
2.4.2.2 Allochthon structure and stratigraphy 
The sedimentary units of the allochthon appear to ·have 
thrust- modified conformable sedimentary transitions 
(Holder and Leveridge, 1986). The relative ages of the 
• 
; 
. ,. 
· ·· <.t:o •· ~-
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constituent units are poorly defined due to sparse and 
sometimes conflicting faunal evidence. Regar91ess, it is 
apparent that overall, the rocks young to the south. The 
.- I 
northern and southern margins· of the .allochthon are 
characterized by deep water fan greywackes and 
olistostromal deposits respectively. Separating these is a 
relatively thin (500 m) unit of mudstone, indicating deep 
oceqn, pelagic sedimentation. 
Small scale structures within the ·allochthon are more 
compl.ex than those of th~ para-autochthon. The regional Sl 
cleavage previously described is also evident within this 
zone, but it has locally been strongly overprinted by the 
regional S2 cleavage. The S2 · cleavage and corresponding F2 
folds become more ·frequent as one moves southward ~owards 
the the Lizard comp~ex. However, these o2 ·structures are 
typically confined to discrete shear zones (Rattey & 
Sanderson, 1984). 
A complex zone of oblique folding found mainly in the 
~') 
vicinity of Falmouth is believed to have resulted during 
differential movement between parts, of the ~rick nappe 
(figures 2.6 and 2.1). This differential movement has been 
interpreted by Holder & Leveridge (1986) as ·representing a 
lateral ramp of the Carrick Thrust; resulting in an arcuate 
thrust front (figure 2.1). 
Structures within the ·Lizard complex have ber..!n ::elated 
to sub-oceanic de.formation during and immediately after its 
N NW 
L ate 
0 evonian 
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Fi gure 2.6: A schematic cross-section showing a sequential model for the 
evolution of South Cornwall. Taken and ~bbreviated from 
Holder & Leveridge (1986). 
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formation (Vearnecombe, 1980). The presence of an 
olistostromal deposit immediately to the north of the 
Lizard complex is interpreted as both a primary sedimentary 
olistolith . and an emplacement melange unit. Rocks 
L'lterpreted to directly underlie the Lizard complex are 
more pervasively deformed than those farther north. All 
evidence, including the similar orientation of structures 
and the southward increase in accumulated strain points to 
the generation of these structures in a manner similar for 
the the remainder of southwest England. 
· ':· 
2. 4. 3 Conclusions on the Tectonics of Cornwall 
It is evident that both Dl and 02 structures found in 
Cornwall are related to thrust tectonics responsible for 
' the displaceulent and emplacement of the Lizard ophiolite. 
01 structures are believed to have resulted from deep 
seated, piggy:back style, NNW directed thrusting, while 02 
structures, typically restricted to discrete shear zones, 
are evidence for late stage, . shallow or rootless NNW 
directed, overstep style thrusting du:ring gravitational 
sliding and collapse of 01 related thrust nappes. 
Recent geophysical ~eismic investigations by various 
. authors (Day & Edwards, 1983; Brooks et al. I 1984 ' and Doody 
& Brooks, 1986) have proven the existe.nce and de1.ineated 
the positions of a number of deep seated thrusts beneath 
South Cornwall and the English Channel. This information 
has been used in conjunction with known stratigraphic 
' 
controls, as well as regional small scale structures, to 
determine a model for the tectonic evolution of South 
Cornwall (Barnes & Andrews, 1986; Holder & Leveridge, 
1986). Flyschoid greywackes of the Mylor and Gramscatho 
Groups (as well as their East Cornwall correlatives), 
i 
olistostromal deposits (Meneage and Roseland ereccias), 
ophiolite (Lizard complex) and continental , basement 
. 
material (Start complex?) form an imbricate stack with 
38 
south dipping deep seat~d thrust surfaces activated during 
Hercynian orogenesis. As movement along these deep seated 
thrusts waned, 02 shear zones directly in front of the 
Lizard co~plex took up the strain during the final shallow 
thrusting events which resulted in emplacement of the 
ti 
Lizard. 
h2 Models and a Summary 
The interpretation o·f Hercynian structures and 
lithologies within a plate tectonic framework has always 
proven problematic. The arguments ar~ centered on whether 
I 
or not a significant ocean basin existed between Northe rn 
and ' Southern Europe during Devonian times. Some of the 
points which continue to be dif{icult to explain are 
presented in a comprehensive discussion by Badham (1982). 
These include the following: '· 
\.. 
1) A lack of continuity along the orogen with respect to 
• 
J 
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' timing of structural, sedimentological, metamorphic and 
igneous events. 
2) Presence of extensional phenomena (s'uch as the 
Gramscatho flysch and associated alkali basalts) yet a 
lack of persuasive evidence for long lived compression 
and final closure of a major Devonian Mid ... European 
ocean. 
3) The 'origin of the la.te Carboniferous to early Permian 
two mica, s-type granites . 
.. 
Consideration of these thr'ee points in conjunction with 
..... 
paleogeographic reconstructions of the orogen suggests that 
many of the structures and relationships present are the 
. 
result of "strike-slip and oblique plate interactions rather 
than orthogonal convergence ( Badham, 1982: Dewey, 1982 and 
Badharn & Halls, 1975). 
The Hercynian orogen in England, sometimes referred t~ 
as the Variscan Fold Belt exhibits all of the features 
deemed problematic in interpretation of ·the Hercynides as .a 
whole. A variety of plate tectonic models for the 
development of sw England have been suggested by numerous' 
authors. Those mentioned above support a strike-slip 
mechanism, however, not all workers agr~e with this 
suggestion. Cock~& Fortey (1982) use paleofa~nal evidence 
to suggest the existence of a wide Mid-European Ocean 
d~ring middle D~vonian times which subsequently underwent 
closure during the late Devonian. This suggestion is based 
( 
' ' 
•• 
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upon phytoplankton provincialism. HolJer & Leveridge (19':;,6) 
_, 
and Floyd & Leveridge (l987) suggest that a major south 
dipping sub~uction zon~ was present to the south of 
Cornwall during the Devonian. A major subduction zone would 
be a convenient source of southerly derived volcanic arc 
detritus which is found tQ,_ comprise much o'f the flyschoid 
Gramsc~tho Group .sediments lying north of the Lizard 
complex (Floyd & Leveridge, 1987). 
\ Leeder (1982) discusses the formation and evolution of 
the Rheno-Hercynian Devonian flysch basins (Gramscatho 
/ 
Group) in light of a back-arc basin model, with a major 
northward dipping subduction zone located 160-350km south 
• of the Rheno-Hercynian zone. It 1s suggested that back-arc 
basin developme~t occurred in response to ~ubduction of 
oceanic crust well to the south of the Rheno-Hercynian zone 
an_t~ that t.he Lizard ophiolite represents a small. fragment 
of the back-arc oceanic crust formed at that time. 
The following simplified synthesis is offered: 
1) Devon i~ dominated by a large openly folded syncline 
. containing northerly derived, shallow lacustrine basinal 
fill sedimentary rocks of Carboniferous age. 
2) Cornwall is dominated by southerly derived Devonian 
flyshoid sedimentary rocks and as~ociated alkalic and 
tholeiitic basaltic flows and sills, which on the basis 
of structural styles can be divided into an eastern 
allochthonous sequence and a western para-autocthonous 
/ 
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sequence. 
3) The region transecting the Bodmin and Dartmoor~ 
granites consists of a highly disrtipted sequence of 
~ Lower Carboniferous shallow water shale and sandstone 
and Upper Devonian flyshoid rocks which have been thrust 
northward~~ on shal~, rootless thrusts, possibly · 
., 
related to gravitational sliding off a southern 
structural high. 
4) The Devonian flyshoid greywackes, and associated 
basaltic flows and sills of Cornwall are characterized 
by shallowly southeast dipping planar foliations, 
interpreted to have~orrned in response to deep seated ' 
northwest directed tht"usting during the Variscan 
orogeny. 
5) All rocks are intruded by the Late Carboniferous to 
~arly Permian Hercynian S-type granite batholith. 
6) When compared to Appalachian style orogenesis; the 
relative lack of abundant extension and compression 
related phenomena, ~hich would have resulted from 
initial rifting and closure of a maj~r ocean, is 
explained by generat~on of Variscan structural features 
during final compressional closure of a number of intra-
cratonic basins and interbasinal highs in a dominantly 
strike-slip regime. 
" . 
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CHAPTER 3 Geology and structure of the Lizard 
This section provides p description of the lithologies 
and structures of the various units of the Lizard complex. 
Much of the material presented be~w is summarized fro~ the 
.l . • . 
work of other authors~ except where ·~t 1s pert1nent to and 
within the scope of my own study. The Kennack Gneiss will 
be addressed in chapter 4. 
~ Introductory Statement 
The term "Lizard complex" refers to a sequence of 
dominantly igneous rocks which outcrop on the Lizard 
Peninsula. These rocks are separated from the rocks of the 
Myler and Gramscatho Groups to the north, figure 1.1, by a 
major thrust zone termed the Lizard Boundary Fault 
j 
(ScrJvenor, 1949; Hendriks1 1939). Underlying and i~ part 
delineating this thrust zone is a tectonic melange sequence 
t 
termed the Meneage Melange, which can be most readily seen 
at P~rthallow and also northwards along the coast towards 
the Helford River (figure 1.2). The Lizard complex is 
believed to represent a dismembered ophiolite suite, Middle 
Devonian in age, which has been emplaced onto the Devonian 
foredeep flysch basins of South Cornwall during the 
Variscan orogeny (Bromley, 1975; Strong et al., 1975; 
Kirby, 1979b). 
The complex consists of three structural units; 1) a 
( 
( 
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lowermost sequence of interleaved_hornblende and micaceous • 
schists with associated intrusive rocks 2) the central unit 
consisting of dominantly serpentinized peridotite and J) 
the uppermost unit consisting of variable gabbro and 
associated basal tic dykes. The Kennack Gneiss is found 
dominantly within the central unit, however, the granitic 
component of the gneiss can also be observed within the 
~ basal unit. 
Discussion of the various lithological units of the 
~Lizard will be undertaken according to the respective 
lithology's position within the structural stratigraphy. 
Reference should be made to figures 1.2 and 3.1 for the 
following discussion of the geology of the Lizard. 
~ Structure of the Lizard complex 
The ophiolitic Lizard complex is structurally 
dismembered. Low angle thrust zones are abundant, 
' 
particularly where the major planes of dislocation oc~ur 
and probably at lithological contacts. These thrust zones 
are represented on figure 1.2 as single thrust faults. 
Three major thrust faults can be recognized on the Lizard 
Peninsula, and these divide the complex into three distinct 
nappes (figure 3.1). The thrust slices have also been 
subjected to extensive, late, high;zan le faulting, 
particularly evident along the sou ast coast of the 
_,, 
Lizard (see map sheets 1 ang 2). Interpretation of the 
,. 
Figure 3.1: A schematic cross-sectio~ showing the 
distribution of rock types and their structural stacking 
within the Lizard complex. The upper unit consists of the 
Crousa gabbro an~ · associated basaltic dykes. The central 
unit consists qf the Lizard peridotite. Hornblende 
schists, interpreted as ophiolitic basalts constitute the 
basal structural unit. These are interleaved with 
pssamitic, pelitic and semi pelitic schists of the Old 
Lizard Head Series. Significantly, the Kennack Gneiss 
constitutes a· magmatic link between the central and basal 
units, where the felsic fraction of the gneiss crosscuts 
both the peridotite and the hornblende schists. The gneis~ 
therefore predateA final emplacement and was intruded at 
some point during generation of the Dl structures in the 
basal hornblende schists. 
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~elationships between the structural units suggests that 
thrusting occurred in a piggy-back style where younger 
thrusts have formed in the footwall of older thrusts. This 
conclusion is supported by the observed type of deformation 
.· ~ .. associated with each ~espective thrust zone where high 
'f' 
temperature flaser gabbro formation occurred between the 
upper and central units; high to medium temperature 
deformation resulting in isoclinal folding occurred between 
the central and basal unit: and the formation of a 
brecciated tectonic melange within the flyschoid rocks 
beneath the basal unit infront of the advancing ophiolite 
complex. 
3.2.1 Bafal Unit: hornblende and micaceous schists 
The basal thrust nappe is composed cf hornblende and· 
micaceous schists of the Traboe, Landewednack and OLHS 
varieties. The schists of the Landewednack and OLHS are 
dominated by a pervasive, near horizontal Sl foliation: 
which has resulted from Fl isoclinal folding presnma bly 
produced through thrusting of the upper units onto these 
rocks. The relationship of the basal unit to the underl y i ng 
Gramscatho Group flysch sequences is exposed on the west 
coast of the Lizard southwest of Mullion. Here one can 
observe a late high-angle fault where the basal unit forms 
the hanging wall and the Gramscatho Group sediments the 
footwall. However, it is logical to propose '~ thrust 
J 
. 
\ 
contact·at some depth below the present exposed level. 
3.2.2 Central Unit: Lizard Peridotite and Kennack Gneiss 
The central structural unit is dominated by 
serpentinized Lizard peridotite and also contains the 
Kennack Gneiss·. Veins and pods of granite ~hich cut the 
basal unit are interpreted as being equivalents of the 
felsic fraction of the Kennack Gneiss. The Kennack Gneiss 
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thus provides a magmatic link between the basal and central 
·. 
structural unit. 
Vearncombe (1980) discusses the structure of the 
.:: 
peridotite and suggests that one miin fabric is present 
·col), which is represented by a N-S trending banding, 
presumably related to solid stat~ flow within the upper 
mantle. He also suggests that the bulk of the ophiolite has 
suffered only bulk translqtion and exhibits no internal 
strain associated with obduction. 
The thrust contact between the central and basal units 
is freque ntly obscured by late-stage high angle normal 
faults, such as on the western side of the northern Lizard 
Boundary Fault. At a number of localities however, the low 
~ 
angle nature of the original contact is well preserved and 
one can see taltose Lizard peridotite sittin~ horizontally 
ontop of hornblende schist. These localities are discussed 
in chapter 4. 
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3.2.3 Upper Unit: crousa Gabbro and Upper Traboe cumulate 
complex 
The Upper unit consists of the Crousa Gabbro and 
associated dolerite dykes, the upper Trahoe cumulate 
complex .and a small sliver of meta-quartzite termed the 
Treleague Quartzite (figure 1.2). 
The contact between the Central and Upper Units may 
\ 
actually be a thrust modified original igneous transition 
from peridotite to gabbro (Leake & Styles, 1984). ~he , 
presence of 02 flaser zones within the lower parts of the 
Crousa Gabbro and less so within the upper parts of the 
Lizard Peridotite is also interpreted as resulting from 
sub-oceanic deformation (Vearncombe, 1980). 
The lack of an extensive ultramafic and mafic cumulate 
sequence between the gabbroic and ultramafic rocks has 
always proven to be a topic of contention for those arguing 
in favor of an ophiolitic origin for the Lizard complex. 
The IGS (now BGS) boreholes drilled near Traboe in the 
centre of the Lizard Peninsula have penetrated an extensive 
sequence of mafic and ultramafic cumulate rocks which are 
interpreted to represent a section of the missing 
transition zone rocks (Leake & Styles, 1984). Chemical 
evidence suggests that the Crousa gabbro is not genetically 
related to the Lizard peridotite, however this may be 
explained by the presence of multiple magma chambers, 
possibly having distinct petrogenetic histories at an 
/ 
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active spreading centre, as has been suggested for other 
ophiolite complexes (Malpas, in press). 
Perhaps the lack of an extensive cumulate sequence 
~ombi~ed with the p~esence of abundant flaser shear zones . 
throughout the gabbro at Coverack Beach may be attributed 
to continued spreading and shearing between the gabbro and 
peridotite along a thin transition zone of layered mafic 
and ultramafic rocks. The development of flaser zones and 
the preferential shearing within the cumulates may have 
arisen due to a lack of new magma~ as spreading 
continued. All of these features might be explained if the 
Lizard ophiolite were generated within a spreading zone 
starved of magma. A spreading zone starved of magma 
suggests a limited generation of ocean floor, possibly 
within a back arc or ensialic basin. Presumably this would 
be correlated with generation of ocean crust in the 
Devonian Gramscatho Basin. Alter~atively, this situation 
could also occur at a transform fault, plate juncture,. 
3.3 The Hornblende Schists 
The distribution of hornblende schist was originally 
mapped by M;~jendie (1818) and De la Beche (1839), however, 
the first interpretive discussion was presented by Bonney 
'(1896). He suggested that the strongly deformed and 
metamorphic nature of the hornblende schists supported the 
proposal that they were probably the oldest rocks in 
' , l 
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southwest England and were derived from a sequence of 
basal tic lavas and tuffs which had been subsequently 
deformed (Bonney, 1896) . Flett ( 1946) divided the 
' hornblende schists into two groups on their appearance, 
both in the field and in thin section: 
1) The Landewednack Schists consisting of flat lying, 
epidotic, fine grained amphibole bearing schists 
. . 
containing pockets of and interfingered with micaceous 
and quartzose -metasedimentary rocks of . . the Old Lizard 
Head Series. 
2) The Traboe Schists unlike the Landewednack Schists 
are non epidotic, medium-grained feldspathic, hornblende 
schists which are fluidly folded and have a dominant 
near vertical foliation. 
Flett (194 6 ) noted that the· two varieties cropped out 
and were dominant at different localities yet they would 
v 
sometimes pass transitionally into one another. The Traboe 
Schists are found generally to the north of the Lizard 
Peridotite while the Landewednack Schists are found to 
. predominate south of the peridotite. Green ( 1964b) 
interpreted the Traboe Schists ~s a contact metamorphosed 
_6· 
equivalent. of the Landewednack Schists. Subseque)'lt work by 
Kirby ( 1979a) and Styles & Kirby ( 1979) has shown that the 
rocks comprising Greens proposed contact aureole are 
chemically ' distinct from the Landewednack Schists. Detailed 
field mapping and petrography along sections of the west 
coast near Pol Cornick reveals the pyroxene granulites 
described by Green are actually layered mafic and 
ultramafic cumulate rocks which are infolded with the 
peridotite at the base of the thrust sheet (M. T. Styles, 
pers. comrn., 1987). This interpretation is further 
corroborated in Leake & Styles ( 1984) where information 
A I 
obtained from the IGS 1978 boreholes reveals ' the presence 
of previously unrecognized cumulate ultramafic rock types 
which represent the missing link ·in Lizard critical zone 
stratigraphy. As a result, the rocks termed· the Traboe 
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Schists are now known .to consist of metamorphosed gabbroic 
and ultramafic cumulate rocks and are distinctty different 
from the Landewednack Schists. 
3.3.1 Field Observations 
Along the s 'outh coast of the Lizard, from Kildown 
Point to earn Barrow, hornblende schist dominates the cliff 
exposu~es. However, as the schist/peridotite contact is 
approached, typical Landewednack-type hornblende schist 
passes transitionally into Traboe-like hornblende schist. 
Epidote disappears from the assemblage, upright fluid 
folding (high T) becomes prevalent and alternating 
medium-grained feldspathic and amphiboli tic layers dominate 
the rock. 
There are two possible explanations for this change,in 
t 
appearance and structure of the schists as one approaches 
the contact zone; 1) the schists nearer the contact hav1 
suffered a higher degree of metamorphi~ than the typic~l 
Landewednack Schists, ·or 2) these zones of 
feldspathicjamphibolitic (Traboe-like) sc~ists represent 
pods of deformed gabbroic rocks present within the 
uppermost sections of the basal s~quence. 
Styles & Kirby (1980) and Kirby (1979a) suggest that 
'"a~thoul}h many of the occurences of Traboe-like schist 
• !' • 
·. ~ . ~ 
di'r.e~tl)"·..henea-t:h the contact are in fact pods of sheared-
... ) 
out gabbroic material, it is possible that some of these 
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may represent the localized result of prograde metamorphism 
of the Landewednack Schists. Samples of both var ' eties of 
schist were collected to see if those proximal the 
<' 
contac-t are chemically more primitive. An electro ,, 
microprobe study of the amphiboles within these '' rocks was 
also undertaken in order to determine if there is an 
increase in metamorphic grade as one approaches., the 
hornblende schist/serpentinite contact. This data is 
d~scussed in ~ppendix 1. 
Within the map area hornblende · schist outcrops between 
Kil"down Point and earn Barrow as well as . at the Balk and 
south towards Lizard Point (map sheets 1 and 2). A number 
of short sections in the vicinity of Lizard Point and Pen 
Olver were also examined for comparison with sections 
within the map area and collection of samples for 
geochemical comparison (figure 3.2). The cliff sections are 
Figure 3 . 2: Sample location map for those samples obtained 
from outside the Kennack Sands to Church Cove map area. 
LIZARD PENINSULA 
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/ 
compos~d wholly of hornblende schist, excluding a short 
section of cliff from the ,south side of Cadgwith to the 
Devils Frying Pan (map sheet 2). 
The schist is dominantly of the Landewednack variety, 
consisting of a sequence of flat lying to shallowly NW or 
SE dipping hornblende-plagioclase-epidote schists. The 
epidote is present as. metamorphic grains within the schist, 
but it is most common as thin lamellae of epidotite (<4 em). 
which are parallel to the major foliation. Epidote also 
forms boudins within the hornblende schist, where the 
primary strain direction of the boudins pa_rallel ~he L1 
stretching lineations on the Sl cleavage surfaces (Plate 
1). Cross-sections of these epidotite boudins are seen on 
rock faces parallel to the trend of the F2 fold axes. The 
origin of these epidotite layers and lenses are discussed 
by Flett (1946) who suggests that these horizons a~e not 
syn-depositional structures, but are the result of 
metamorphic s egregation. .&rby ( 19 79{ )', however, suggests 
that these horizons were present within the hornblende 
schist protolith prior to tectonism, and that they may 
represent small pods and layers of calcium-rich clays or 
impure limestones which were present w.ithin a dominantly 
volcanic pile. The present field studies support this 
hypothesis. 
Also present in the Landewednack schists are thin ( <2 0 
em) often continuous bands of pink, fine-grained granitic 
,.. . 
. 
Pl a te 1. A cross-section through a 15 em long epidote 
boudin in the Landewednack Schists at Pen Olver. 
Plate 2. A 1.5 em thick, continuous band of sugary granite 
within Landewednack Schist at Cadgwith. 
, 
' 
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material which generally parallel the Sl schistocity of the 
hornblende schist (plate 2). Locally, however, these layers 
cross-cut the dominant foliation, and appear to be 
definitely intrusive into the schist (plate 3). This is 
clearly evident as one nears the hornblende 
schist/peridotite contacts at the Devils Frying Pan and 
Kildown Point. The origin of these granitic veins is 
' I i ' ' ) ' ' 
uncerta1n, however, they are s m1lar 1n compos1t1on to and 
are probably genetically related to the felsic portion of 
the Kennack Gneiss (Kirby, 1979a). 
3.3.2 Petrography 
In thin section the hornblende schists from the map 
area are dominated by fine-medi~m grained (< 2 mm) 
hornblende- and plagioclase- bearing rocks which frequently 
contain abundant sphene, opaque oxide minerals and rarely 
apatite as accessory phases (plate 4). The hornblende is 
typically idiomorphic and prismatic, but locally may be 
either granular or anhedral. It is highly pleochroic, 
varying from yellow to blue-green under plane polarized 
light and it always defines the foliation pervasively 
developed in these rocks. Plagioclase is typically 
saussuritized, xenomorphic in form, but when unaltered, 
albite twinning is usually evident. An increase in the 
amount of saussuritization appears to correspond to 
proximity of the sample to the serpentinite/schist contact. 
, I 
.. 
' · ' J 
- , 
Plate 3. Cliffs of hornblende schist at earn Barrow. A 
vein of sugary granite can be observed to cross-cut the 
schists, but is itself tightly folded. Note assistant in 
foreground (160 em) for scale. 
Plate 4~ Photomicrograph of typical Landewednack schist. 
Note bright green sub-idiomorphic hornblende, as well as 
abundant idiomorphic sphene. Field of view is 1.1 mm under 
ppl, sample L7-67. 
-
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The development ·of core-mantling subgrains is associated 
with the destruction.of the typical strongly nematoblastic 
I 
texture of these rocks (plate 5). This granulation also 
occurs as one approaches the contact zone. These 
observations are consistent with the contact representing a 
zone of differential movement as well as a site for 
percolation of alkali-rich fluids respo~sible for the 
saussuritization of the feldspar. 
3.3.3 Structure within the map area 
, 
The hornblende schists are dominated by a shallow 
NW-SE dipping Sl foliation. This appears to parallel 
lithological layering, indicating that the sequence as a 
whole has undergone Fl isoclinal folding. Fl fold hinges 
are not common, but where pr~sent the fold axes plunge in 
the Sl foliation plane to ~ither the NE or SW. These are 
~mall seal~ isoclinal or rootless Fl intrafolial folds, 
which suggest that a large amount of structural shortening 
has occurred. Frequently visible on Sl foliation surfaces 
are NW-SE trending Ll stretching lineations. These are the 
result of alignment of dominantly prismati~ hornblende 
crystals parallel to the main direction of tectonic 
movement. A second generation of structural elements were 
not seen in outcrop, however, the presence of large scale 
F2 folds can be inferred by the variation in Sl \ 
orientation. The section of ~oastline from earn Barrow to 
Plate 5. Photomicrograph of sample L7-38 showing the 
development of core-mantling subgrains due to granulation. 
Field of view is 1.1 mm under ppl. 
Plate 6. Photomicrograph of a garnet muscovite schist ( L7-
16) showing spiral-sigmoidal inclusion trails in subhedral 
garnets.. Field of view is 3. 5 mm under:. ppl. 
\ 
I 
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Cadgwith shows this variation in orientation quite well 
(see map sheet 2) . 
~ Old Lizard Head Series 
The Old Lizard Head Series (OLHS) consist of a group 
of pelitic, pssamitic and semi-pelitic,schists with 
I 
associated amphibolite which occur at ~he .type locality in 
the cliffs at .Lizard Point (figure 1.2/. Another smaller 
locality is located in the cliff sect:Jn on the south side 
of Porthallow Beach. Fox (1891) describes a number of small 
outcrops of micaceous schists from the Pen Olver area which 
occur as small pods or lenses within the dominantly 
hornblende-epidote schist of the Landewednack variety. 
Tilley (1937) describes the occurence of high;-
temperature and high-pressure metamorphic minerals in 
samples of micaceous schist from varying localities on the 
Lizard. From small outcrops found just west of St. Keverne, 
Tilley (1937) describes the occurence of cordierite, 
sillimanite-kyanite intergrowths, almandine garnet as well 
as staurolite in a few of the samples. The presence of 
sillimanite-kyanite intergrowths as well as staurolite 
qualitatively indicates that temperatures during 
metamorphism of up to 700"C could have been achieved. 
The OLHS consist of a variety of lithologies dominated 
by the following: 
1) musco~ite-biotite schists, locally garnetiferous 
·~ · 
arkosic meta-sandstones 2) qu~tzose and 
3) ampJi~ol i tic schists 
4) chloritic schists. 
The protoliths of these rocks are believed to be clastic 
sedimentary rocks, basaltic flows and tuffaceous rocks 
\deposited with and directly on top of the ophiolitic 
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"' 1 bas'alts (Landewednack Schists) prior to obduction of the 
/ Lizard complex as a whole (Flett, 1946). 
/ 
J. 4 ~ 1 Field description and structure 
The rocks of the OLHS are typically severely altered, 
which may locally be the result of retrograde metamorphism 
during cooling of the Lizard complex. All of the rocks are 
highly sheared, and generally crumble readily when struck 
with a ha:r.tmer. The mica schists and chloritic schists, in 
particular, seem more deformed than the others, their 
incompetency being a function of their constituent 
mineralogy. 
All of the varieties of the OLHS rocks are conformable 
· with each other and have structural elements with similar 
strikes and dips. Structurally these rocks are very similar 
to the Landewednack Schists. The OLHS are dominated by a 
penetrative S1 foliation which dips 10-15 • to the 
southeast. Although primary sedimentary structures are 
rarely preserved, when bedding is present it is seen to 
parallel the Sl foliation plane. This indicates that the Sl 
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foliation is the result of fl isoclinal folding where Fl 
fold axes plunge gently to the southwest or northeast. 
Scrivener (1939b) describes two occurrences of large 
mesoscopic folds which are present within the OLHS. A large 
tight to ·isoclinal fold approximately 50 metres in 
wavelength can be seen in a rock face at Pistil Ogo, just 
off Lizard Point. The fold is defined by a bedding. parallel 
granitic band (Man of War Gne)ss?) within the ,OLHS. Strain 
within the folded structure has been accommodated by a 
rupture fault which cuts up at a low-angle through the fold 
hinge, approximately paralleling the axial surface. 
Presumably this is a large scale Fl structure, however the 
sketch ' is unoriented, and no directional coordinates were 
discussed. The second mesoscopic fold can also be fo~d 
within the OLHS in a cliff face just west of the.Lifehoat 
Station at Lizard ~oint. This fold is generally the same as 
that previously described, however no low angle fault is 
present. 
Flett (1946) and Kirby (1979a) report F2 folds which 
create a puckered foliation within the OLHS. The resultant 
~ S2 foliation has a gently southeast dip, similar to Sl. 
This may prove an important link between small scale 
structures within rocks underlying and those cropping-out 
to the north of the Lizard complex. As previously discussed 
in section 2.4.3; 01 and 02 structures present within the 
rocks directly north of the Lizard can be correl~ted with 
~.-. L! 
two distinct episodes of thrusting (Rattey & Sanderson, 
1984). If this is the case, then perhaps the two 
generations of structures observed within the OLHS are 
similarly related to two distinct episodes of thrusting. 
~l Ji 'l;_z 
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~ Petrography 
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Th~ purpose of the petrographic study of the OLHS was 
to evaluate these metasedimentary rocks as a possible 
source material for derivation of the Kennack Gneiss. 
Samples were collected from three distinct localities, 
thus providing representative coverage of the varieties and 
extent of these rocks. L?-15 & L7-16 were obtained from a 
lens of garnetiferous muscovite-biotite schist within the 
hornblende schists at Pen Olver (figure 3.2). Samples L7-
13a and 13b were taken from the beach and cliff outcrop of 
quartzo-feldspathic schist and chloritic schist 
respectively, on the south side of Porthallow Cove. L7-14a 
a muscovite-biotite schist and L7-14b an amphibolitic 
schist were obtained at the type locality near the Lifeboat 
station at Lizard Point. 
'· Samples L7-15 and L7-16 are generally very similar. 
significantly, the only difference between the two is the 
absence of both muscovite and garnet from L7-15 and the 
presence of these minerals in L7-16. Both samples contain 
plagioclase as subhedral detrital phenoclasts (<2 nun) which 
are generally saussuritized. Plagioclase is also present in 
! 
68 
the groundmass as subhedral partially saussuritized grains 
which display abundant albite twinning. Plagioclase 
constitutes 35-40% of the rock. ~uartz comprises up to 15% 
of the rock and is present throughout as small equant 
grains associated wit~ plagioclase in the groundmass. Mafic 
minerals consist of small ( <0. 5 mm) bl"aded grains of 
biotite which warp around all other grains defining the 
pervasive foliation, as well as pale-green, faintly 
pleochroic chlorite which locally replaces biotite. 
Together these constitute 15-20% of the sample. Accessory 
mtnerals include bladed muscovite which is typically 
associated with the biotite as well as euhedral pale-pink 
garnet (L7-16); opaque minerals, possibly magnetite 
comprise up to 5%; minor zircon and apatite are also 
present. The euhedral pink garnets are quite impressive, as 
they typically contain distinct spiral to sigmoidal 
inclusion trails of.opaque grains, possibly indicating 
syntectonic growth (plate 6). 
Sample L7-13a is distinctly different from any other 
rock seen in the Lizard area. It is banded in appearance, 
the banding defined by alternating quartzose and 
feldspathic layers. In general appearance it resembles the 
Kennack Gneiss. In thin section, the nature of the banding 
becomes _clear, where the feldspathic layers are 
characterized by J.arge partially saussuritized alkali 
feldspar grains (<2 mm) exhibiting pericline twinning and 
"'" 
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intergrown with small (<1 mm) anhedral quartz grains. 
Quartzose layers are characterized by large (<2 mm) quartz 
,>t' 
phenoclasts which are frequently strained and now consist 
of polycrystalline mosaics of small anhedral grains 
surrounded by a finer-grained groundmass of intergrown 
quartz and alkali feldspar. on the whole, quartz 
constitutes 40% and alkali feldspar 30% of the rock. A 
pervasive foliation is defined by the parallel alignment of 
tiny laths of muscovite which form continuous thin (<0.5 
mrn) films which warp around the larger grains. Muscovite is 
present in both the quartzose and feldspathic layers and 
comprises approximately 25% of the rock. The'rock is kink 
folded on a macro and microscopic scale and locally one can 
see patches of carbonate deposited in tho low strain axial 
zones of the kink bands. This rock has b'een interpreted as 
a strongly deformed feldspathic greywacke. 
Sample L7-13b was taken from a rubbly outcrop of 
chloritic schists approximately 10 metres from the location 
of sample L7-13a. In outcrop this rock is extremely 
sheared, with an undulating dominant Sl cl~avage striking 
060 degrees and dipping at 15" to the sw. Within these 
schists are small competent lenses of a greenish chert. 
These may represent siliceous nodules present within .the 
presumably silty protolith of the chloritic schists. Also 
present within these chloritic schists are discontinuous 
quar·tzo-feldspathic layers up to 50 em in length as well as 
small lenses comprised of quartz and pink ·feldspar (plate 
7)~ These are similar to quartzo-feldspathic lenses found 
within the OLHS at Lizard Point; suggested to represent 
minimum melt segregations produced during deformation and 
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metamorphism (Malpas & Langdon, 1987: Bromley, 1979; Strong 
et. al. 1975 and Vearncombe, 1980). The origin of these 
quartzo-feldspathic layers is uncertain, however, the 
frequent absence of feldspar from many of these lenses and 
layers suggests these are original sedimentary structures 
and were present p~ior to tectonism. 
L7-13b consists domi~antly o·f very fine grained 
quartz, mucQvite and chlorite (all <0.25 rom) with minor 
feldspar and opaque grains. Quartz occurs throughout, most 
commonly as polycrystalline lenses and pinch and swell 
bands. These bands may exhibit an annealed texture. Pale 
green pleochroic chlorite comprises the majority of the 
sample, as irregular patchey growths. The foliation is 
defined by the parallel alignment and warping of fibrous 
muscovite lathes· around the quartz lenses. Acces$ory phases 
include rare apatite inclusions in quartz as well as 
· .~ 
abundant anhedral opaque grains of hematite, typically 
associated with the . chlorite. 
samples obtained from the type locality of tne OLHS at 
Lizard Point are distinctly different again. Sample L7-14a, 
a muscovite schist, was obtained from a section of cliff 
which contained abundant quartzo-feldspathic lenses. It is 
extremely sheared, of very fine grain size and contains 
abundant quartz and alkali feldspar with the muscovite. 
. ~ 
Quartz and ubiquitously altered feldspar are present as 
small (<0.2 mm) equant grains, commonly meeting in triple 
point junctions in muscovite poor zones. Microfolds are 
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defined by elongate mats of brownish muscovite which wraps 
around the pods of equant quartz and feldspar. Accessory 
phases include rare granular epidote, minor chlorite and 
tiny anhedral opaque grains. 
L7-14b was obtained from an amphibolitic phacoid 
present within the previously described muscovite schist. 
This is a strongly foliated rock comprised predominately of 
hornblendic amphibole (<0.5 ~~) with approximately 25% of 
generally saussuritized plagioclase. The plagioclase is 
locally present as rounded and broken crystals ·around which 
bladed amphibole crystals are warped. These broken 
plagioclase grains may represent original phenocrysts which 
have acted in a competent manner relative to the 
surrounding groundmass. This is similar to the external 
form of the phacoidal amphibolitic body which has 
apparently acted more competently than the surrounding 
micaceous schists. 
~ The Man of War Gneiss 
The Man of War gneiss consists of a series of strongly 
foliated gneissic rocks of varying lithology, ranging from 
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fine-grained pssamitic metasediments to medium- to coarse-
grained tonalitic intrusive rocks. All varieties have been 
deformed with the OLHS. They are located in the reefs off 
Lizard Point and as a result, access to the exposures is 
limited to times of calm sea and low tides. A direct result 
of their poor accessibility is a dearth of written material 
and a complete lack of geochemical data on these rocks. 
3.5.1 Previous Work 
The first description of the gneissic rocks off Lizard 
point was given by Fox (1888) and supplemented by 
petrological notes by J.J.H. Teall. Fox (1888) noted a 
number of varieties of foliated rocks ranging from fine 
grained micaceous and pssamitic schists (similar to the Old 
Lizard Head Series) to medium- to coarse-grained tonalitic 
gneisses dissimilar to any other rocks found on the Lizard. 
My work has concentrated on the medium- to coarse-grained 
tonalitic gneiss, which is interpreted to be intrusive in 
origin while the other varieties of Man of War Gneiss have 
been interpreted as highly deformed sedimentary rocks 
(Flett, 1946). The tonalitic gneiss is found on the outer 
reefs, and is separated from the mainland by what Flett 
(1946) suggests is a zone of lit-par-lit injection of the 
Man of War gneiss into ~~~ Old Lizard Head Series. The 
igneous intrusive nature of this gneiss is clear, as Flett 
(1946) and Fox (1888) describe localities where a granulite 
or tonalitic gneiss intrudes the Old Lizard Head Series. 
Some of the important points about the Man of War 
~ 
gneiss have been outlined by Fox (1888). The outer reefs 
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consist of a coarse gneiss, whose protolith was probably a 
quartz-diorite or tonalite. The tonalitic gneiss is cut by 
feldspar porphyritic mafic dykes which are deformed and 
were thus intruded into the tonalitic gneiss prior to 
and/or during displacement of Lizard complex from the 
oceanic environment. Fox (1888) describes one locality 
where a 1.5 m wid~ dyke is traversed by numerous small 
veins of tonalitic gneiss. This suggests that the dykes and 
tonalite must be closely related temporally in order to 
produce a lit-par-lit injection texture. 
3.5.2 Description and Petrography 
In hand sample the tonalitic gneiss has a distinct and 
well developed corrugated (kinked) foliation defined by 
alternating folia of dark green amphibole with patches of 
grey feldspar. Quartz is pres~nt, however, the amount 
varies greatly from specimen to specimen. 
In thin section the abundance of quartz in the rock 
becomes more evident wh~~e quartz occurs domin~ntly as 
fine-grained anhedral polycrystalline lenses surrounded by 
amphibole and saussuritized plagioclase. Plagioclase occurs 
mainly as subhedral phenocrysts (<1.5 mm) which are usually 
altered to saussurite. It also rarely occurs as small (<0.5 
Plate 7. Segregation lens of quart~ and orthoclase (?) 
within muscovite-biotite schist at Polpeor Cove. 
Plate 8. Euhedral garnet at left, in a matrix of chlorite 
and saussurite within Man o{ War Gneiss sample L7-82 . 
Field of view 0.6 mm under crossed polars. 
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mm) anhedral grains showing albite twinning. Feldspar 
comprises 40-50% of the tonalitic gneiss and is typically 
>80% altered to saussurite. Mafic minerals consist qf a 
straw-yellow to bluish-green pleochroic amphibole 
(hornblende) which varies in form from anhedral and fibrous 
(L7-82) to subhedral and prismatic (L7-Bl). This change 0f 
. ~ 
form probably reflects a decrease in the degree of 
deformation represented by the transition from sample L7-82 
to L7-Bl. Hornblende comprises 15-20% of the gneiss and 
grains are generally <2 mm in size. Chlorite is also 
present as small (<0.5 mm) prismatic grains vhich wrap 
around feldspar crystals thus defining a foliation. Zones 
of less intense alteration reveal the presence of biotite 
in a sirnilar"h~bit, thus indicating that chl'orite is the 
alteration product of biotite. Accessory minerals include 
ill 
apatite as small grains included within hcrnblende; op~que 
grains as exsolution bleb-s within hornblende and rarely as 
individual grains; and small, pink-colourless euhedral' 
garnet (Plate 8). 
1.5.3 Implications 
The occutrence of the Man of War Gn~iss 1 within the 
OLHS has never been addressed in ter111s of a petrogenetic 
study. The presence of a syn-tectonic ·intruiive body of 
/ 
quartz diorite composition within ·the sole1rocks of the 
Lizard ophiolite may hav~ important implications for the 
( • 
/ 
., 
\ 
I 
/ 
·-, 
\ 
. 
tectonic hi.story of generation a,nd emplacement of the 
" Lizard complex. The limited exposure of the Man of War 
Gneiss does not· mean J.t hasn't· an important role in the 
.. 
geological hist'ory of the Lizard. In fact, its present · 
outcrop extent may not be reflective of its true volume at 
- , .. 
all. So little is known about these rocks that the 
acquisition of some chemical analyses combined with a 
petrographical . study can only help to further elucidate its 
role and i~portance within the framework of Lizard geology. 
< 
3. 6 The Serpentinite 
The predominant rock type of the Lizard is 
serpentinized peridotite, covering an area of apJ?roximately 
60km2 • Flett ( 1946) divided the serpentinite into three 
distinct types, ~he most plentiful being the medium to 
. ~ 
coarsegrained enstatite or ~asti te serpentinite. This is 
' ' 
followed in abundance by tre~olite serpentinite and dunite 
serpentinite re;;pectively. Green ( 1964a) also divide{th~ 
Lizard peridotite into three units, a primary crystalline 
assemblage, a recrystallized anhydrous assemblage and a 
recrystallized hydrous assemblage .. The primary assemblage 
corresponds roughly to the bastite serpentinite of Flett 
( 1946) , however, both the anhydrous and hydrous 
1.·ecrystallized assemblages of Green (1964a) correspond to 
Flett's tremolite serpentinite, with the hydrous assemblage 
being developed locally within the anhydrous assemblage. 
• i 
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Green (1964a) suggests that the dunite serpentinite of 
Flett (1946) is simply a very fine grained, re'crystallizea 
aryd wholl serpentinized variety of his re~rystallized 
assemblages. However, Leake & Styles ( 1984) considered the 
dunite serpentinite of Flett ( 1946) as being largely 
cumulate dunitta and not simply an in.tensly al_tered variety 
of the recrystallized asse~lage~. The follo~ing . 
discussions utilize the classification of Green (1964a). 
3.6.1 Petrogenesis and Implications 
The primary _peridotite assemblage consists of olivine 
(Fo9Q), aluminous enstatite, aluminous diopside and 
aluminous spinel. This is in contrast to the secondary 
assemblage of olivine, enstatite, diopside plagioclase, 
I 
pargasite and spinel. T·he significant difference between · 
the hydrous and anhydrous assemblages is the development qf 
. . 
the pargasitic amphibole. G~een .L19.9.4a.)_presente,d bulk rock 
chemistries of representative samples from each of the 
assemblages and showed that there is no significa:pt 
difference between the two gr~ups. He concluded that the 
differing textures and mineralogies are a result of both 
cataclastic deformation of the primary assemblage as well 
as progressively decreasing pressures during ascent in the 
mantle. This progressive decrease in pressure was 
accompanied by a relatively constant temperature (adiabatic 
ascent). The decrease in pressure resulted in the 
0 
~ ' 
,. 
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instability of the alum~nous (hi~h pressure) phases of the 
primary assemblage . and the subsequent recrxstallization a~d 
formation of the anhydrous seca.ndary assemblage.' Tne·• 
' occurence of plagi~clase ~n the secondary anhyd~ous 
1 assemblfge can be explained by the reaction; · 
\ 
olivine + ~l enstatite + Al diopside + Al spinel 
' = plagioclase + olivine + spi~ 
~his w0uJd have o~c~~d as a result of recrystallization 
' and retrograde metamorphism of the primary assemblage 
- . 
during p~ogressive uplift and.J1ntrusive ·emplacement of the . 
ultramafic body (Gr~en, 1964a). This model proposed by. 
Green (1964a) is dependent upon the Li~ard Peridotite being 
an ultramafic intrusive body.rather than a tectonically 
emplaced ophiolite complex. 
, 
It appears that the primary assemblage of Lizard' 
peridotite repre·sents a mantle r'esidue which has 'been left 
behind after undergoing partial melting and removal of a 
basal~ic melt (Floyd, 1976). The' aluminous nature of the 
phases indic~te that it was initially formed at .elevated 
pressures (spinel lherzQlite facies) at 4epths (Green, 
1964a) of th~ order of 50 km and temperaJures of 12"50-1300 
·c (Floyd, 1976). In contrast to this, the secondary 
anhydrous assemblage is believed to have formed within the 
plagioclase lherzolite field at 27 km depth and 1075 ·c. 
,-
.\ 
'l· 
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Recent wor~y~Davies (1984) has shown that although the 
. bu~k .. rock .chemistries of the spinel cil)d plagioclase · 
lher~·olites are similar, the incompatib~e trace elemen~ 
concent~~ns as well as ~sotopic ~~natures a~e 
' '\ ( . significan'~!Y ""different. · . . 
.. 
The perido_tit.e has sufferecl exten~·ive 
serpentin~zation, where 
have bee·n affected. The 
usual!\ up to . SO% 'of the phases 
serpentinization teact~ns must 
.• 
have occurred at temperatures bel9w the upper stability 
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limit of serpentine (<500 ~C) ~d at·less than 10 kln depth 
. • r (Floyd, 1976). The . serpe~ine_ mine~als consist of 
dominantly chrysoti;e (cross-fib~e) with minor lizardite 
and ant.i,gori t'e. The do'm'inance of chrysotile as the main 
• 
t 
serpent~ne mineral may 'be interpreted as a result of the 
operation of meteoric waters as the main fluid phase durin~ 
~ 
the serpentinization process·. This implies that the process 
of serpenti~ization occurred after the Lizard was emplaced 
(Floyd, 197 6) . • 
3.6.2 Peridotite within the map area 
, 
The peridotite encountered within the map area is 
. 
fargely ·of the primary a~semblage and is dominated by a 
green-black bastite serpentinite with a near verticql 
mineral foliation (Plate 9~. Serpe~tinite of th~ secondary 
assemblage was J9und only near the basal contact with the 
hornblende schists, or ·~ong the section of coastline from 
,f", 
... ~ 
/ 
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\ . 
-· 
' . 
. . 
\ 
Plat·e 9. Typical .green-:-black serpentinite found within the 
map area. Note low anqle shear zone cutting through the 
rock. P~otograph ta~en near Black Rock. · 
I 
,-....-
... . 
• 
Plate 10. A small intrusion of gabbro in hernatized 
peridotite. Note fine grained margin and coarse grained 
co~~ · Photograph taken at base.of Thorny Cliff. 
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.· Bl.ac~ . Rock- to .Enys ~ead (map s~£) . · In 'th~ former, _such 
' as the contact just north of the Balk, . the b.ornblende 
. / ' ' 
. schists pass upwards into serpentinite through a contact' 
~one which dips gently to the ftorthwest. Within this 
. - .. \. 
contact• zone, both the schists and serpentinite are 
obscured by heavy hematization and recrystallization, 
' particularly within 2 m of the ~ontact proper. The 
serpentinite in the latte~ locality is cut by a nu~er of 
\ nea~ vertica1 .to shallowly sout·h~ast dipping normal· faul:ts . 
. I 
It is intruded by irre~ular ~y~es of . Kennafk ' Gneiss and 
both have .been-extensively altered and recrystallized. The 
outcrop is severely hematiied and the -.serpent·inite is 
traversed by numerous net-veined stringers' of dolomite. 
?-i Gabbro 
---- --The-- darqest mass of _ gabbro, the Crousa gabbro, ·cover,s 
an area of approximately 15km2. on the · eastern side of th~ 
Lizard Peninsula. - It forms'an arc~ate mass which is bounded 
• 
to the north by a moderate to shallowly-dipping thrust 
fault and to the south it passes through a highly 
attenuated critical zone irito troctolite and then 
peridotite (Kirby, 1978·). 
The relationship of the -crousa · gabbro to the. 
surrounding lithologies has been interpreted in a numbe~ of 
ways. Flett (1946) believed the __ gabbro was intrusive and 
J· ~ 
rapidly follow~~ the peridotite. Green (1964c) suggested 
" 
. 
. :*' 
-
) 
t 
"' ~ ,J I 
" that the gabbro represented part of a \ 
' intruding the peridotite and · that the two a:re not 
r-
1 genetically related. _Thayer (1969) first suggested that the 
complex was ophiolitic, and .as a result, th~ gabbro was 
genetically related to the troctolite and peridoti~~ . 
.. 
The Crousa gabbro has extremely variable texture 
(Flett, 1946; Kirby, 1978 and 1979a/ Styles & Kirby, 1980). 
., . . 
A near vert1cal, E-W trending cumulate layering is readily 
visible at certain localities, however, these examples are 
not cbimon as the layering is partially obscured by an 
overprinted E-W trending foliation (Kirby, 197~). When 
_present, graded beds within the layering -indicate a 
0 . • 
young_ing direction to the north. Much of the gabbro is 
massive and medium to coarse grained. Primary phases 
... 
consist of plagioclase~ clinopyroxene, olivine and opaque 
minerals (Kirby, 1978). Secondary minerals such as uralite 
and saussurite increase as one progresses northwards and 
are~ubiquitous near the ,northern thrust contact. 
The Crousa Gabbro is frequently cut by localized zones 
of flaser gabbro, representing the tectonized equivalent of 
the'massive, medium to coarse grained variety. The ~ones of 
flaser development are most common within the transition 
, 
zone at ~overack Beach, a~d they are belie~ed to have 
formed in the plutonic environment at · an active ~reading 
centre. The outcrop extent of th~ Crousa Gabbro has 
recently come under scrutiny (Rollin, 1986). Inland 
\ 
/ 
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exposur~s ar~ very rare, and what was originally mapped as 
/ · ~ J 
Crousa Gabbro has been sho~, using bouguer gravity 
anomalies, td be a sequence o~ mafic and ultramafic rocks 
possibly. belonging to the Traboe cumulate complex . 
.. 
3.7.1 Field Description: K~nnack Sands to Parn Voose Cove 
Gabbro also occurs as dykes w~thin the peridotite from 
coverack to Kildown Point and as dykes and sills of coarse 
grained gabbro in peridotite from earn Barrow to Parn voose 
' 
Cove (map sheets 1 & 2) . It is these exposures ot_.gabbro 
• 
which are of particul~r interest in this discussi~n. · Tbese 
pegmatitic gabbros form only a small portion of the cliff. 
sections, but are generally intimately associated with the 
Kennack Gneiss. 
The gabbro found in the cliffs from Kennack Sands to 
Parn Vqpse Cove occurs in a humber of textures and 
intrusive forms. It varies in texture from a medium grained 
"'' 
melanocratic massive gabbro (dykes in serpentinite, L7-9) 
at Carleen Cove, through a complete 
• • 
spectrum o£ massive, 
' 
colrse-grained to augen gabbro. 
At Kennack Gate, the classic locality described by 
Flett ( 1~46), gabbro occurs as thin dykes of coarse--graine d 
altered gabbro which crosscut the foliation in the 
. 
serpentinite and are themselves crosscut by fine-grained 
basaltic dykes andAKennack -Gneiss. Along a section of 
Thorny Cl i ff, rare thin ~0. 5 m) dykes and veins of 
I 
,. . 
J 
~ . 
coarse-grained'gabbro in~de primary serpentinite. On 
close examination one can see that the coa'rse gabbro has 
,.... 
) 
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narrow fi~e-grai.ned marginal phases Eplate .19). This • 
s~ggests that the peridotite may have been relat~vel~ cool, 
when intruded by.the gab~ro, · but that the central portion 
of the intrusions were insulated by .their ,chill margins. 
The presenc~ of very coars·e grained gabbro in th~ central 
portions of narrow veins suggests~hat tne gabbro was also 
enriched in volatiles. 
. ' ' At K1ld9wn Cove, small bodie~ of coarse gra~~ed almost 
pegrnat_itic gabbro can be seEm cropping,ut in the 
serpentinite cliffs. The shapes of these bodies appear to 
• • be . highly 'irregular, although poor exposure prohibits an 
exact determination of their form. This gabbro is generally 
undeforrned and contains c _rystals of p~~rly serpentinized 
clinopyroxene (<4 em) surrounded.by ~hite plagioclase. A 
sample of this gaboro (L7~34) was obt~ined from a small 
lens of pegmatitic gabbro in the centre of Kildown Cove. 
. . . 
Gabbr6 next occurs southwest along the coast at ( 
Polgwidden (see map sheet 2) . Here a coarse grained, 
0 
strongly foliated gabbro is -intruded by and deformed with 
Kennack _Gneiss. A sample of the gabbr~ obtained at this 
locality (L7-64) appears almost mylonitic in hand sampl e 
(plate 11). 
\ 
Gabbro occurs more frequently as one move s southwest 
from Pol gwi dde n,. until i t compr~ses 80% of the exposed r ock 
. , 
v 
• 
Plate 11. Augen to mylonitic gabbro at.~olgwidden. Scale 
is the size of a quarter. 
' Plate· 12. Large plagioclase grain ( left ) with 
intercumulate clinopyroxene grain (r~ht) in sample L7-48. 
Note clinopyroxene being replaced ' along 110 cleavage 
planes. Field of view is 3.5 rom under crossed polars • 
. . 
• 
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at The Chair. In the vicinity of Whale rock, the gabbro is' 
I 
int-imately associated with Kennack 'Gn~iss, similar 
si tua.tion at Polgwidd~~ . T~a c~mplex r'e-~ationsh.i~s 
to the . 
seen at 
~ ' ~ 
this - locality suggest that an originally undeformeq 
• 
pegmatitic gabbro. was intruded by ~umerous feeders of -· 
. . · . . 
banded gneiss, probably while the .gabbro .was sJ:i.ll at an 
( ' J 
eLevated t7~perature, ·ana then . both we·re subsequ·eritly 
. "" ~ 
deformed together as qii'tormation persisted." T~e result# was .....,_ · 
.a complex zone of sheared pegmati tic gabbro and bandad ' 
. . , 
gqeiss, shown on map 2 as the cross hatched area. Zon1.s 
within the gabbro-gneiss complex have apparerttly escaped 
deformation. This is the case at The cnair and along a 
,, 
short section of coast northeast towards Whale Rock. · Here 
' " the gabbro· is generally undeformed, and the or~ginal 
intrusive relationships' are preserved. Generally the .amount ' 
~ 
of strai'n and the intensity of intermingl-ing of t~e gabbror 
and Kennack Gneiss appears to increase as or.e moves 
~ . 
southwest towards the basal 'thrust contact exposed at the 
Balk. 
_3. 7.2 ~etrography • 
Sample L7-34, _represent,s ?in undeformed.example of the 
pegmatitic gabbro and consists o_f large (<2.5 em) Jubhedral 
crystals of .ubiquitously saussuritize.d plagioclase. 
· " • I 
surrounded ;by large crystal~ of possibly inter~umulus 
clinopyroxene (plate 12). The clinopyro~ene is loc~lly 
! . 
-~ . 
altered to a ~orl~s, fine grained, fibrous amphibole 
( anthophyllit.) which replaces the clinopyroxene along 
original 110 ctea~ge planes. No accessory miherals were 
observed. 
Moderately deformed varieties of pegmatitic gabbro, 
90 
represented- by sample L7-30, exhibit similar mineralogies, 
however structural and metamorphic textures begin to mask 
the primary igneous relatidnships. Subhedral saussuritized 
plagioclase is the dominant phase (60%) and is accompanied 
by pockets of randomly oriented, bladed anthophyllite. Nb 
clinopyroxene remains, having all been replaced by 
amphibole. Locally, fine-grained bladed anthophyllit~ is 
preferentially oriented in a parallel manner, agct"in 
. . ' 
suggesting rt!placement of· t.!:e preexisting c~inopyro\ene 
along 110 c1eavage PJanes. The sub~edral habit of the 
plagioclase and the anhedral nature of the zones consisting 
of anthophyllite suggest relict cumulus texture. Also 
present is rare subhedral, deeply embayed red-brown ga'rnet 
(~etamorphic pyrope?). 
Strongly deformed varieties of pegmati tic' gabbro are 
best represented by sample L7-64. The original mineral 
assemblage has been entirely z:eplaced by a secondary 
metamorphic assemblage, where plagioclase is replaced by '---
saussurite and clinopyroxene is replaced by anthophyllite. 
Relict cummulate'plagi?clase crystals are preserved, while 
large anhedral grains of amphibole. _.{replaced ·cpx) have 
/ 
\ 
-
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undergone grain boundary reduction. Accompanying this grain 
boundary reduction, bladed grains of anthophyllite formed 
pressure shadow tai.fs in place of the larger grains of 
anthophyllite. ., 
3.8 The Mafic Dykes 
Dyke rocks of the Lizard are most abundant within the 
Crousa Gabbro on the eastern coast, south of Porthoustock. 
A smaller concentration of dykes can be found cutting the 
gabbro and peridotite within the transition zone on 
Coverack beach. Dykes can be seen elsewhere along the ~oast 
of the Lizard, where peridot,ite outcrops, however, they are 
usua~ly single dykes and do not o)cur as groups numbering 
more than three. Mafic dykes occur frequently along the 
sections of coast from Eastern Cliff to Kildown Point and 
from earn Barrow to Church Cove (Maps 1 & 2 in pocket). At 
these localities, they appear to be closely related to the 
. . 
Kennack Gneiss. In rare cases, dyke rocks intrude and 
crosscut Uie foliation in the Hornblende or OLHS ·Schists. 
These schists locally contain fine grained epidioritic 
bolsters (Flett 1946) however, these are believed to be 
mafic dykes present within the protoliths of the schists 
prior to deformation ( ie. dykes within the ophiolitic lay a 
sequence, see Plate 13) • 
• 
Plate 13. A one metre thick epidiorite phacoid in the Old 
Lizard Head Series at Polpeor Cove. 
Plate 14. A 40 em thick Group 2 dyke in medium-grained 
gabbro at coverack Beach. Note the lack of plagioclase 
phenocrysts in this dyke. 
.,... 
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3.8.1 Previous Work and Field Description 
The mafic dykes have been discussed at length by 
numerous authors. Early workers such as F~x (1888) and Lowe 
' . "' (1901 & 1902) recognized and des~ribe~ the mafic dyk~s and 
suggested correct relative ages for their .formation and 
intrusion. Flett (1946) proposed that the multiple dyke 
complex of the Lizard was formed as a result of processes 
similar to those that resulted in the formation of the 
Tertiary dyke complexes. in northwest scotland. Green 
(1964c) notes two distinct varieties of ~ykes on the basis 
. 
of their orientation. A series .of variably foliated and 
metamorphos~d, near vertical NNW•SSE trending diabase 
d·ykes. These outcrop dominantly in tne vicinity of 
Porthoustock and less abundantly along the coast at 
( 
Coverack and Kennack•Sands. The second variety consists of 
a' number of irregular, E-W striking and shallowly dipping 
sheets or sills which are commonly sheared and have been 
f> ' (_ 
subsequently invaded by Kennack Granite. Bromley (1975) 
examined the f~eld relationships and g~neral appearances of 
the dykei1, .in detail and noted three distinct groups of 
-~ 
dykes. 
1) The earliest dykes consist of irregular N-S trending 
purple to mauve metaGolerites having no chill margins, 
are faintly foliated and are commonly hick-veined by 
gabbro. They characteristically· have a near vertical 
dip. 
( 
·-
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2) Group 2 dykes trend NW-SE and have a moderate dip to 
the southwest. They are plagioclase porphyritic 
" (xenocrystic?), contain medium to coarse grained 
gabbroic enclaves and have chill margins again~t the 
~ 
engulfing gabbro (Plate 14). 
• 
3) Group 3 dykes ·are near vertical NW-SE trending green 
colbured, amphibole bearing aphanitic diabase dykes ~ 
which crosscut all earlier dykes. These dykes hav.e chill 
., 
margins with the gabbro, and form the large part of the 
I 
dyke complex near Porthoustock. They are rare south of 
.. 
Godrevy Cove (Plate 15): 
4 
Kirby ( 1979a & 1984) discusses the field relationships 
and petrography of the dykes and also pre~nts geochemical 
data on dykes sampled from coverack and East (figure 1.2). 
He also recognizes three distinct varieties of mafic dykes ) . 
on the ba~s of their incompatible elem~nt chemistry, 
however, these three varieties are not correlated in ~ny 
way with those of Bromley (1975). Davies (1984) . recognizes 
~ 
·only two suites of dia}?ase dykes.. His conclusion~ are based 
on both incompatible elements and Nd-sm isotope studies. 
3.8.2 Dyke rocks investigated in this s~udy 
Dykes discussed in ~his study come from a number of 
lo.catl~s throughout the Lizard. The purpose is not to 
attempt\to determine the origin of all the dykeJ, only to 
f, 
evaluate which of those sampled may be genetically related 
.. 
) 
--
·.-· 
Plate !-s( A one metre· thick Group 3 dyke cutting medium-
grained homophanous gabbro at Godrevy cove. ' 
• 
Plate 16. Subhedral, straw-yellow to orange amphibole with 
a large plagioclase ·phenocryst, in a Group 1 dyke from 
Godrevy Cove (L7-20A). Field of view 1.1 mm under crossed 
I 
polars. • 
"'' 
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to the Kennack Gneiss, and to determine the origin of the <) 
parental magma. Samples of diabase obtained from outside of 
the map area such as Godrevy Cove, Coverack and Pol Cornick 
were-obtained for comparison to the mafic dykes believed to 
be associated with the Kennack Gneiss (tigure 3r2). 
On the basis of field appearance, the basaltic dykes 
can be divided into four groups. Th~ first three groups 
' correspond closely with the findings Qf Bromley (1975) as 
listed above. Group 4 has been,proposed for those maf~c . 
dykes which appear to be intimately related to the Kennack 
Gneisses. 
3.8.2.1 Group 1 Dykes: Petrography 
Dykes belonging to group 1 were collected from 
wavewashed exposures within Godrevy Cove and northwards 
towards Porthoustock (figure 1.2). The field description 
presented by Bromley (1975) is very accurate and does not 
~ 
require any additi0ns. These dykes dominantly $Onsist of 
• ) 
plagioclase and amphibole with min~r chlorite and opaque 
minerals. Phenocrysts of plagioclase (<3 mm) have suffered 
various degrees of sausuritization, and where they are 
unaltered, they display s~arp albite twinnin~ (An45 ). They 
~ 
are surrounded by ~'faintly ~oliated fine grained 
groundmass of plagioclase and1;mphibole crys~als (<0.5 mm). 
Plagioclase in the groundmass (An30 ) is typically subhedral 
in form and has a straw-yellow to brown pleochroic 
I ' 
\ 
-. 
amphibole (cummingtonite) as ln anhedral intergranular 
phase (plate 16). Throughout the sample yellow chlorite 
' . occurs as fine fibrous mats surrounding and mantling th~ 
"amphibole", possibly an alteration product. Opaque 
minerals are rare, but where they do occur they are 
typically anhedral and consist of hematite . 
. 
• 3.8.2.2 Group 2 Dykes: Petrography 
Group 2 dykes were collected from cov·erack Beach. • In 
field appearance they are very similar to group 2 dykes 
described by Bromley {1975), however, the dykes ~rom 
Cove rack dip steeply to the east rather than 'shallowly to 
the west as he suggests. These dykes are plagioclase and 
olivine phyric sub-ophitic basalts. Phenocryst~ of 
partially saussuritized plagioclase (An~) are randomly 
ori~nted and generally <4 rnm in length. These fresh 
phenocrysts contrast strongly with ubiquitously 
' 
saussriritized, · substantially resorbed and embayed 
' \ 
plagioclase grain~ which are interpreted as representing 
99 
xenocrysts. These xenocrysts are present both as individual 
~rains as well as polycrystalline. aggregates, The 
\ polycrystalline aggregate~ are interpreted as plagioclase 
... 
rich gabbroic enclaves. These gabbroic enclaves are coarser 
g~ained than the host gabbro into which the dykes -have been 
?' 
injected. Other pherlocrystic phases consist of embayed 
euhedral olivine {<1.5 mm) and some extensively altered 
\. 
' 
/ 
Plate 17. Photomicrograph of embayed euhedral olivine and 
prismatic plagioclase phenocrysts in a fine grained 
rnicrogabbro matrix (gro~p 2: L7-12A) . Field of view is 3. 5 
rnm under crossed polars. · 
,, 
., 
I 
~ 
Plate 18. Chlorite and fibrous yellow actinolite replacing 
clinopyroxene in a rni~rogabbro~c · Group 3 dyke (L7-19A). 
Field of view 3.5 mrn under crosied polars. 
10 1 
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clinopyroxene grains (<3 mm) (plate 17). It is possible 
that the clinopyroxene grains may have a xenocrystic origin 
similar to the plagioclase xenocrysts. The groundmass 
consists of relatively fresh, 'randomly oriented plagioclase 
microlites (<1 mm) which have associated with them granular 
anhedral grains of clinopyroxene apparently partially 
replaced by ~ale green amphibole. These clinopyroxene- ~ 
amphibole intergrowths frequently contain Qr partially 
cont~in ~lagioclase rnicrolites, indicating a sub-ophitic 
texture. Opaque grains are abundant both as small euhedral ( 
phenocrysts (<.5 mm) and as small anhedral clots mantling 
embayed olivine phenocrysts. 
3.8.2.3 Group 3 Dykes: Petrography 
Dykes belonging to group 3 closely correspond with 
group J dykes of Bromley (1975). These were sampled from 
~ Godrevy~Cove and north towards Porthoustock. They are 
monotonous green-coloured generally aphyric basalts 
consisting of plagioclase and amphibole with minor epidote, 
chlorite and opaque minerals. Plagioclase is infrequently 
r 
present a s subhedral patchily sau~suritized phenocrys t s (<4 
rnrn) showing pericline twinning and more commonly as 
randomly oriented prismatic microlites which are 95% 
") ' 
~ saussuritized . Where unaltered the plagioclase mi crolites 
exhibit albite twinning. Ma fic minerals are dominated by a 
pale-ye llow to green pleochroic fibrous amphibole 
I . 
' 
, 
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(actinolite) ~hich in rare cases mantles relict cores of -
• • 
clinopyroxene. Close examination ot the clinopyrqxene cores 
~..._ .. 
indicates that they may have originally been oikoc~sts, 
\ . 
containing chadacrysts . of.plagioclase. Actinolite is 
--, 
. '. 
sometimes subhedral and prismatic when present in basal 
sections .. Intergrown with the actinolite are fine-grained 
. ' 
mats of acicular yellow chlorite (plate 18). Accessory 
minerals include rare, anhedral to subhedral opaque grains 
possibly magnetite altered to hematite as well as very 
minor apatite. 
3.8.2.4 Group 4 Dykes: Field Description and Petrography 
Dykes tentatively classed within group 4 are similar 
to group 2. dykes in general appearance, however< these 
dykes are those closely associated with• the Kennack Gneiss 
and were collected from localities within the map area. 
' 
These dykes are NW-SE trending and have a near 
vertical to steep southeast dip. They are . ty~ically black-
grey aphyric dykes, <1 m across and have almost 
" \ 
ubiquitously been metamorphosed to middle amp~lbJfite 
facies. As a result, they consist of 'do.:inant },fhib.ol e and · 
plagioclase Jith minor magnetite. Thes e dykes are 
• 
frequently schistose, especially near their intrusiVe 
margins. The schistocity always parallels the dy~e-host 
' rock contact and perhaps indicates they have been intrud~d 
preferentially along zones of active~ovement. A number of 
r 
\ 
-
-
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the larger dykes, such as those near the beach on Eastern 
Cliff (represented by s~mple L7-2) still retain their 
original microga.l::lttroic texture and appear .. to be dominantly 
unfo~iated and to haye suffered less alteration. Many of 
these d·ykes tend to pinch and swell, anastomosing their way 
through the host peridotite, and frequently including small 
screens and phacoidal bodies of the host (plate 19). 
Close examination reveals the presence of small 
veinlets of grani ti'c material, usually stretched out 
\ 
parallel to the margins of the host mafic dyke. The 
granitic veinlets suggest that these dykes are intimately 
" 
related to the granitic gneiss 0 
ln thin section one can see well dQveloped 
microgabbroic texture as portrayed by ranf!omty oriented, 
subhedral- prisrnat.ic plagioclase microlites (<1 mm). These 
microlites comprise 45-55% of the rock, are only locally 
saussuritized and generally exhibit good albite and 
pericline twinning. The Michel-Levy method of determining · 
~ 
plagioclase °Composition indicates a composition of An35 • 
The dominant mafic mineral is a pale green a~hibo le 
' . 
(uralite), which is present as anhedral granular clusters, 
mantling relict cores of clinopyroxene. Acicular 
pale-yellow chlorite is associated with and intergrown with 
the. amphibole. The position and rnature of the mafic 
minerals suggest that the clinopyroxene was or~ginally 
intergranular to the plagioclase laths. Anhedral opa~e 
0 
.El.a_te 19. Group 4 dykes pinch, swell and anastomose 
through hematized bastite serpentinite at Eastern Cliff, -. 
Kennack Sands. 
\ . 
Plate 20. Photomicrograph of fine-grained Group 4 dyke. 
Note prismatic, subhedral, colourless to pale yellow 
amphibole and saussuritized, anhedral plagioclase (L7-l). 
Field of v±ew is 1. 1 mm under cro(~d polars. 
\ 
). 
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mineral grains are abundant, especially along the margins 
- , 
of serpentinite protrusions. A translucent red appearance 
c.. ........... 
at the grain rims suggests the opaque grains are d9minated 
by hematite. opaques are also more commonly associated with 
uralite and chlorite rather than clinopyroxene. 
Narrow dykes (represented by L7-l) are generally more 
schistose and have ubiquitously metamorphosed to 
• amphibolite facies. The narrow dykes are composed of 65-70% 
of a colourless to pale-yellow pleochr~ic amphibole 
(actinolite) whichEarely shows basal sections (plat~ 20) . 
.. 
Amphibole grains are prismatic, subhedral in' form and 
always <0.2 mm in length. They are oriented with their· long · 
axes parallel, defining a moderate foliation. Biotite 
comerises <2% of the rock and is present as larger grains 
(<0.4 rnm) which are generally embayed. Plagioclase is 
-
present only in the groundmass as irregular patches ofW 
,. 
saussurite and as a result is not readily distinguished. 
Opaque mip~ral grains are rare (<1%) ~ are euhedral 
apatite crystals. 
3.8.3 Implications of Dyke Field Relationships and 
Petrography 
The age relati'onships between the various types of 
Liza~d mafic dykes are difficult to ~sess due to the 
g~neral absence of cross-cutting relationships. 
Q 
Group l dyk~ave no relationship with the Kennack 
108 
Gneiss. They are confined to the outcrops of gabbro in 
Godrevy Cove and northwards, and have field and 
petrographic characteristics, such as the absence of chill 
' margins, which suggests they are of a · similar age as the 
engulfing gabbro. Bromley (1975) suggests that these ~ay 
reJ?resent dyke xenoli.ths which have been included ipto a 
younger gabbroic intrusion, or mafic dykes which were 
' injected tnto the gabbro while it was still hot. 
Dykes belonging to group 2 have chill margins against 
their host country rock and also contain resorbed 
..... 
inclusions of homophanous medium-grained gabbro. Their , 
1.. 
•relative fresh appearance in the field and in thin section 
s~ggests these rocks are younger ~han dykes belonging to · 
groups 1 and 3. This conclusion is tentative however, as it 
I 
is dangerous to compare dykes from different structtlral 
levels. 
Group 3 dykes are younger than dykes of group 1 as 
shown by cross-cutting relationships and inferred from the 
presence of chill margins. The rel~tionship - bet~ee~ dykes 
of groups 2 and 3 is more difficult to assess. However, the 
fresh nature of the group 2 dykes relative to the :meta-
doleritic group 3 dykes again supports the conclusion that 
dykes belonging to group 2 are younger in age. 
The dykes tentatively classed w~thin.group 4 have 
field characterist-ics indicating a possible genetic 
relationship with the.Kerinack Gneiss. Pet~ographically, 
.• 
I 
. ( 
I 
I 
'· 
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least metamorphosed dykes of gr.d,up 4 are rnpst similar to " 
those of group 3, however their-fie~d characteristics 
suggest a greater sirnilari~y to group 2 dykes. Dykes 
belonging to group 4 which have\be~n highly metamorphosed, 
lack original igneous textures arid· on the basis of 
appearance also resemble group 2 dy~~s . 
.L_2 Summary 
The Lizard ophiolite.consists of three structural 
units. The contacts between the units are interpre_ted as 
. I 
thrust contacts, however the upper contact between the 
Crousa Gabbro and the'Lizard Peridotite is probably a 
thrust modified original igneous contact. The thrusting 
associated with the dismemberment of the ophiolit,e is of 
... 
piggy back style where younger thrusts have formed in the 
footwalls of· qlder thrusts. The upper structural contact is • 
interpreted to have arisen durinq spreading and ge~eration 
I 
of the Lizard ophiolite in a magma starved spreading 
centre. The iower thrusts are interpreted .to have formed in 
response to displacement and emplacement of the ophiolite 
comp~ex respectively. Although the Lizard peridotite 
exh~bits no internal strain, the abundance of 'later' E-W 
and N-S trendin~hign angle faults are interpreted to have ,. 
resulted during displacement and fin~ emplacement of the 
\ 
imbricate stack . . 
( 
.... 
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CHAPTER 4 THE KENNACK GNEISS 
/ 
' 
.. 
~ Introduction , 
The term Kennack Gneiss refers to a suite of we~l 
banded rocks, sonsisting of distinct felsic and mafic 
portions. These rocks intrude the Lizard peridotite and are 
\ 
considered to form part of the central nappe structure 
(figure 3.1). The name Kennack Gneiss was originally used 
to.describe the "gneissic" field appearance of these rocks, 
however, the us, _of the term migmatite, meaning "mixed 
rocks" may be m~ appropriate. The name Kennack ~neiss 
will be adhered to, although terminology relating to . : 
metamorphic migmatites or gneis~s will not be used . 
Instead, the terms felsic and mafic end members, . fractions 
or ~tions will be used. to describe the integral 
constituents of the gneiss. 
The Kennack Gneiss occurs along the south coast of , 
the Lizard (rom Eastern Cliff to Parn Voose Cove, as well 
as a few minor outcrops on the west coast of the Lizard at 
Pentreath Beach and Kynance Cove. Associated with these 
bantled rocks a~e f i ne grained 9ranitic rock~ termed the 
Kennack Granite (Flett, 1946). Small bodies of the granite 
can be found a~ various . locations along the west coast of 
\ 
the Lizard, and they are also shown to occur as large 
·~ 
trac~s in the central portiQn of the peninsula on the 
. 
Britis~ Geological Survey Map sheet 359. The extent of the 
J 
granite in the Ulland areas was determined whol!:y on the 
basis of ~·ield rubble. {s a result, the area shown as 
'iennack Gneiss is most likely a complex zone of banded 
111 
gneiss, granite and peridotite, similar to that found along 
the south coast of the Lizard (see map sheets 1 & 2} as 
well as in,the IGS (BGS) Kennack Sands 1S78 borehole 
(Styles & Kirby, 1980). Perhaps one of the most interesting 
results of the borehole drilled at Kennack Sands was the 
t 
discovery of the substantial thickness of the gneisses. 
Previously they. were thought to be restricted to a thin 
zone intruding into and lying beneath the base of the 
peridotite. The borehole at Kennack Sands reached a maximum 
depth of 150m without i~tersecting the und~rlying · 
hornblende schists~ This indicates that the gneisses are 
much more extensive and their structure more complex than 
previously suggested. 
The Kennack Gneiss and their related rocks have been a 
Lopic of debate since their initial recognition by De la 
eeche (1839) ·. Bonney {1887) suggested that the gneisses 
were metamorphosed sedimentary rocks into which the 
peridotite and gabbro had been intruded. He concluded that 
the schists and gneisses were ~reCambrian in ~ge due to 
their metamorphic nature. 
Bonney's arguments were opposed by . Teall (1887) who 
... 
showed that the felsic fractions of the Kennack Gneiss were 
intrusive into i the mafic portions, and were therefore 
112 
·. ; 
f~n~ous in origin. Teall (1887) believed that the banding 
i~ the gneiss was the resolt of ~ rolling out effect, under 
pressure, of a heterogeneous magma. 
" 
Lowe (1901, 1902) avidly maintained the view of Teall 
tl887) and proposed that the Kennack Gneisses were the 
youngest rocks present and that they intruded all other 
rock types. This view was uphe,ld by the majority of · 
subseqlient workers, most importantly Flett (1912, 1946), 
who suggested that the banded structure of the gneiss was 
produced through "fluxion" of a heterogeneous magma, and 
that the schistocity within the gneiss was produced during 
injection into the peridotite. 
Following Flett, scrivener (1939) also suggested that 
the gneisses were intrusive into the peridotite and 
hornblende. schists. He believed that the peridotite and 
hornblende schists were intrusive into the Devonian 
Gramscatho series, and thus the gneisses were younger than 
Devonian in age. 
~anders (1955) observed the similar nature and 
intimate field relationships of the Kennack Gneiss and the 
hornblende schists and suggested ~at the gneisses were the 
migmatized equivalents of the schists. Green (1964c) 
explained the gneisses in light of a lit-par- l it injection 
of a granitic magma into gently southeast dipping basaltic 
sills and dykes which acted as planes of shearing. ije 
suggested his model was similar to that of Flett (~946) 
ll!b 
: 
• 
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with the exception that no mixing of partially molten magma 
was necessary. Stro~g et al. (1975), fo~lot;W·ed the thinking 
of Sanders, proposing that the gneisses are t~e products of 
anatexis and metamorphic differentiation of the hornblende 
schists. 
Bromley ( 1975, 1979) ,discussed the possibility that 
the Kenn~ck Gnetss may be the migmatized equivalent of the 
OLHS. He discards this hypot~esis as it is unable to 
satisfactorily explain the origin and presence of the 
profuse quantities of maf~ material as~ociated with and 
comprising the Kennack~eiss. As a result, he speculates 
• 
that an intrusive origin (unrelated to the hornblende and 
mica schists) is the most plausible explanation for 
derivation of the gneiss. 
A Rb-Sr isotopic age date for the felsic fraction of 
the Kennack Gneiss is presented in Styles & Rundle (1984). 
Least squares regression analysis of the isotopic data . 
gives an 87sr; 86sr initial ratio of 0.70424 ± 0.00009 and an 
) 
age of 369 ± 12 Ma. The low initial ratio is unexpected for 
the felsic gneiss and is n~t com~tible with derivation of 
.the gneiss through anatexis of crustal material w~th a long 
residence time. They suggest that the source of the felsic 
fr~ctiod of the Kennack Gneiss consisted of a high 
p:oportion of mantle or young crustal material. 
Barnes & Andrews (1986) stat~that the field 
\ 
relationships of the Kennack Gneiss require the 
• 
' 
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A 
simultaneous existence of two distinct magmas, one granitic 
and one basaltic. They disagree with Kirby (1979a) and 
suggest that the low incompatible element contents of the 
felsic gneiss are not consistent with derivation of the 
gneiss through partial melting of amphibolite. A depleted, 
young continental crust is proposed to be more suitable for 
derivation of the felsic fraction of the gneiss. 
M_alpas & Langdon ( 1987) utilize major, trace and rare 
earth element data to support derivation of the Kennack 
Gneiss through partial melting an~ unmixing of a chemically 
intermediate parent. The proposed intermediate par~nt would 
be pest represented by a.mixed assemblage of semi-pelitic 
schists (OLHS) interbedded with the Landewednack hornblende 
schist~. 
From the above review of the possible mechanisms of 
generating the Kennack Gneiss it is evident that a viable, 
well suited and geochemically sound hypothesis is as yet 
unavailable. On the whole, hypotheses on the origin of the 
. . 
Kennack Gneiss can be broken down into 2 groups: 
1) Anatexis and metamorphic differentiation of the 
underlyin9 metamorphic rocks during thrusting and 
emplacement o~ the ophiolite. 
2) pyn-tectonic intrusion of two distinct magma~ into 
I 
the base of the o'phiolite, possibly during emp~acement 
of the ophiolite. 
Field relationships and petrographic data provide 
•\ 
.. . ,. 
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important constraints in assessing the validity of these 
models. 
~ Field description 
The Kennack Gneisses have undergone little detailed · 
examination, despite the numerous hypotheses proposed on 
their origin .. Thi's must be the result of a number of 
I 
factors including; highly complex field relationships; a 
lack of high quality geochemical data; past mapping 
attempts were undertaken on a scale too small to properly 
outline detailed field relationships; authors have only 
concentrated on a few well known localities and not the 
suite as' a whole; the extremely variable texture and form ~-
of the Kennack Gneisses is probably indicative of a complex 
tectonic history; and last but not least, these rocks 
......,~ 
appear to have few geologic correlatives. 
4.2.1 Field Mapping Procedure 
.. 
The initial~ phase of mapping involved examination of 
the relationships between the Kennack Gneiss and the 
variety of other rock types found on the Lizard. After 
initial examination and delineation.qf the~gneiss bodies, 
it was necessary to subdivide the gneiss into three 
gradational va:~;:.ieties based upon the proportion of felsic 
ma:erial relative to mafic•material. This divi~ion resulted 
in three subunits of gneiss comprising 1) granitic gneiss 
' . 
1 
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consisting of >70% felsic fraction; 2) banded gneiss 
cJonsisting of approximately~,equal proportions of mafic and 
' -·-
felsic end members; 3) mafic gneiss consisting of <30% 
felsic fraction. The relative proportions and outcrop 
extent of these three varieties of gneiss can be seen on 
map sheets 1 and 2. Granitic gneiss is the least abundant 
of the three varieties, although it may · locally constitute 
the majority of an outcrop. Granitic gneiss occur~ mainly 
in the" northeastern section of the map area. Banded gneiss 
( 
is by far the domina~t variety. It is found throughout the 
map area and where accompanied by granitic and mafic 
gneiss, it appears to form a gradation between the two. 
Quite frequently, banded gneiss occurs by itself, composing 
the whole exposure. Such is the case in ~ittle Cove (map 
sheet 1), where a body of banded gneiss intrudes green 
bastite peridotite. 
.. 
At particular localities, such as at Little Cove, a 
gradational increase in the amount of th~ felsic fraction 
occurs from intrusive margin to the centre of the gneiss 
r-- . 
body (plates 21 and 22). The~distinction between mafic 
gnei3s lacking in felsic material and other fine grained 
gabbroic o~ basaltic dykes is frequentl~ difficult to 
ascertain. As a result, bodies of gneiss identified as 
mafic gneiss o~ the accompanying maps may be comprised 
r • 
wholly of basaltic material, or they may consist of 
repetitive, continuous layers of finely interbanded felsic 
.;.. 
Plate 2l. ' Dominantly mafic, discontinuously banded gneiss 
near the margin of an intrusion of Kennack Gneiss at · 
Little cove. 
r 
Plate 22. Dominantly hybrid to granitic gnei~s at the core 
of an intrusion of Kennack Gneiss at Little Cove. 
liS 
and mafic fractions (plate 23) . 
• 
4. 2. 2 Textural varieties of the Gneiss fractions 
Of . the two end member compositions ( ie. felsic and 
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· mafic) then: are a number of textural varieties. The felsic 
fraction varies from a mildly to strongly deformed granular 
biotite granite, to a mildly to strongly deformed quartz-
diorite. Generally this change in composition is related to 
the thickness of the felsic layer relative to the 
accompanying basa1tic fraction. All large bodies of 
distinctly felsic material are composed of variably 
deformed biotite granite, while the smaller veinlets and 
thin bands of the felsic fraction tend to be quartz-
dioritic in composition. 
A few distinctly different varieties of felsic end 
member have been documented. A number of small bodies of 
granite sampled on the west coast of the Lizard were all 
g~nerally si:m.i.lar in appearance, however 1 they differec;1 
from the typical fel,sic end member found within the main 
map area on the southeast coast. One granite sample ( L 7-59) 
obtained from a thin ( <4 m) dyke on the north end of 
Pentreath Beach (figure 1.2) is coarse grained in hand 
sample and exhibits graphic textu:t-e. Samples of granite ( 
obtained from thi)l ( < 5 m) dykes at Ky~nce Cove (L7-21), 
Gew Graze (L7-54A, B) , Vellan Head ( L7-52 1 53) and The Vro 
(L7-55) are all sugary in appearance and contain numerous 
., 
Plate 2 3. Fine continuous banding in a mafic banded gneiss 
at Polparrow. Field of view is approximately 10 metres. 
. / 
Plate 24. A boudinaged dyke of orange to pink, f ine-
grained sugary granite at Kynance Cove . Note geological 
hammer for scale. 
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\ 
hematized fractures (plate 24). 
A s~mple of a granitoid (L7-42j was taken from a thin 
~ 
(<50 em) vein cutting serpentinite and coarse grained 
gabble between The----chair and Whale Rock (map sheet 2) • In 
hand ii~mple, this (t:_ock ·is bright orange in colour and is an 
) • 
equigranular, medium-fine g~ained sye~ite. Staining with 
potassium cobaltini trate reveals that: the sample is 
, composed almost entirely of potassiu'm bearing minerals, 
including orthoclase, biotite and what is interpreted as a 
~ 
K20-bearing feldspathoid (Kalsilite-Nepheline). This vein 
has distinct sharp contacts with the surrounding peridotite 
and gabbro, and appears to originate from a proximal body 
of banded gneiss .. 
~he mafic fraction of the gneiss also occurs in a 
number of textural forms. By far the most abundant variety 
is a medium to fine grained biotite-plagioclase-hornblende 
• • • 
schist. Samples of this type were obtained from outcrops of 
banded and . mafic gneiss throughout t¥ map area. For · 
example~ L7-11 was taken from an out~rop of banded gneiss 
on the west side of Kildown Cove. It is a fine to medium 
grained, glossy black, biotite-plagioclase-hornblende 
schist sampled from a 40 em thick mafic band. On either 
side, it was in contact with an felsic fraction of 
• . 
granodioritic to granitic composition. 
Some ~xamples of the mafic fraction resemble a fine 
.. 
grained mic.rogabbro or basalt. These occur ~ically as 
r \ 
elongate pods within weakly band;d gneiss, appearing 
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unfoliated in hand sample, but are commonly seep to be 
moderately foliated in thin section. Similarly, pods of 
medium grained gabbro or diorite can be seen locally to 
have.been intruded by a granitic fraction (plate 25). This 
dioritic mafic fraction is peculiar in that it frequently 
contains abundant coarse gabbroic xenoliths and plagioclase 
xenocrysts (plate 26) • ~his rock does not appear to be 
foliat·ed in hand sample, but a mild foliation is obs'erved 
in thin section. 
Perhaps the most striking variety of the mafic 
• fraction, is a medium to fine grained' actinolite-biotite-
plagi~lase porphyritic schist ~ This variety is the least 
abundant, occuring in small elongate pods in banded and 
mafic gneiss. It is characterized in hand sample by 
porphyritic feldspars and rarely by small clots of biotite. 
Similar sma1l clots of ferro;agnesian minerals have been 
observed in mixed and mingled m~~s within the Mullach 
. . 
Sgar igneous complex (Sparks and Marshall, 1986). 
sampl~s . of this "hybrid~ material were obtained; 
field mapping and one from the BGS Kennack Sands 
Thr9 
two whi e 
Boreho e. 
~ / ~-
Sample L7 - 8 was taken from an outcrop of hybrid mat·erial 
w~thin~ a sequence of mafic gneiss at the . classic Kennack 
Gate leGality just squthwest of Kennack Sands (map sheet 
1). The sample forms part of a lens sitting in a dominantly 
fine-grained basaltic host. Sample L7-58 is similar ~-
.. , 
• r 
\ 
Plate 25. Pinkish white gr4nite cross-cuts medium-grained 
diorite .at Kennack San~s . · 
Plate 2 6. Rounded gabbroic inclusions and large 
plagioclase phenocrysts (xenocrysts?) in a fine-grained 
gabbroic matrix, at Kennack Sands. 
12-5 
.. 
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appearance to L7-8, however, it was obtained from a thin 
(<4 m) irregular dyke of banded gneiss at the north end of 
Pentreath Beach (figure 1. 2) . This dy)c~ is interesting as 
it contains mafic material in the form of fine-grain'd 
basalt, an felsic fraction of granodioritic composit.ion and 
a possibl~ hybrid material represented by L7-58. The 
relationships between the three app~ar to be gradational. 
The sample of feldspar-~orphyrit~c hy~rid obtained from the 
BGS Kennack Sands borehole is sup~ficially similar to the 
others in hand speciman. It was t¥en from a thin unit of 
~rid material at a d~pth of 441 fee~, 7 inches (134J59 
) metrd .
') 
4.2.3 Relationships between the felsic and mafic fractions 
All three field varieties of Kennack Gneiss can be 
extremely variable in outcrop, however, the felsic fraction 
is typically homogeneous. In hand specimen, the felsic 
fraction consists of alkali feldspar, quartz, plagioclase 
and biotite in descending relative proportions. Typically 
it has a poorly defined anastomosing fabric, however, · this 
is not always the rule. The mineral foliation is always 
parallel to the gneissic banding. .... 
In both the banded and mafic varieties, the amount of 
felsic mate~ial varies from locality to locality and its 
~e'Tationship to the mafic fraction is al.so very variable. A 
number of important observations can readily be made when 
.. 
I .. 
~ 
Plate 27. Agmatic migmatite where granite can be seen to 
net-vein a fine-grained basaltic host. Locality is Thorny 
Cliff. 
\ 
\ 
. 
Plate 28 . Diffuse1 resorbed inclusions of medium-grained 
gabbro are partl~ digested in a monzodioritic host . 
Photograph taken at Thorny Cliff. 
I 
1 
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.. 
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./ 
examining outcrops of banded and mafic gneiss. The felsic 
end member can be observed cross-cutting and net-veining 
the mafic ~aterial (p~ate 27). This is not clearly evident 
in all insi.ances, c.:i fre~ently both fractions of the 
gneiss have been deformed together, the cross~cutting 
relati?nships are lost and subsequently the mineral 
foliation in both end members are parallel. 
Undeformed examples of Kennack Gneiss show a spectrum 
of igneous relationships, all of which suggest either 
mingling of co~emporaneous magmas or assimilation of a 
plastic mafic material by a slightly younger !elsie 
fraction. Instead of cross-cutting veins, the felsic 
fraction can in places be observed to have invaded the 
mafic material in a net-vein manner. However, in these 
\ 
situation~ it is possible to observe a zone of 
assimilation where diffuse inclusions of homophanous~gabbro 
.. 
appear to have been partially digested by an felsic 
fractior. {plate 28) • ,J'he result is a mingled assemblage o! 
embayed gabbroic enclaves engulfed by a :1ow monzodioritic 
felsic material. 
In general, it is clearly evident. that the ~l'sic 
portions of the gneiss are generally younger and intrusive 
into the mafic fractions. A few examples of the opposing 
1:elationship have been observed. Styles & Kirby (1979) 
do~ument basaltic dykes crosscutting the foliation in the . 
gneiss from the Kennack sands drill core. This indicates 
f 
.. 
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that b_asaltic magmatism was still occurring after the 
gneissic foliation was produced, t~s it is probable that 
the felsic and mafic fractions could both have been present 
in the liquid state. 
Locally, one can see other: varieties of Kennack 
Gneiss. outcrops of dominantly banded gneiss sometimes 
exhibit a stt~eaky texture where the felsic and mafic 
fractions are interfingered in a flame-like fashion (plate 
29) or sometimes intricately interfolded (plate 30). This 
streaky gneiss is also very suggestive of the two end-
member compositions being in the liquid or plas~ic state 
when this texture was produced. 
The felsic portion of the gneiss appears to be 
generally coarser in grain size than the adjacent mafic 
fractions, and the m~ic material tends to appear more 
strongly deformed than the felsic. This has been used as an 
argument for the mafic fraction being clearly so'lid during 
the intrusion of tha fe~sic fraction (granite) (Kirby, 
1979a). The presence of a melt phase within a sequence of 
rock undergoing deformation will have a profound effect on 
.1 
the behavior of the material as a whole, and will 
_,.. 
ultimately impose cons~raints on the varieties Of resulting 
structures (~cLellan, 1984). In a•melt absent situation, 
both the rGsul tanf· ~grain size and the amount of accumulated 
strain are dependent upon the constituent mineralogy of the 
deformed material, as well as the length of time of 
'~ . 
• 
.. 
~ . 
Plate 29. A medium-grained monzonitic felsic fraction rs 
intimately interfingered with a medium-grained gabbroic 
mafic fraction. Photograph taken at Thorny Cliff. 
Plate JO ; At 'l'horny Cliff, a pale-orange granitic felsic 
fraction is intimately folded and interfingered with a 
fine-grained basaltic mafic fraction. 
0 
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deformation. As a result, mafic material consisting of 
amphibole, biotite and plagioclase will be less competent 
than a granitic fraction and will therefore deform more 
readily. The end result of this competency contrast is that 
the granitic end member is characterized by an anastamosing 
fabric, while the mafic end member typically has a planar 
schistosity. 
4.2.4 Conclusions on Field description 
Field observations conclusively show that there are 
numerous varieties of both mafic and felsic end members of 
the Kennack Gneiss. Many of these are observed 'in close 
proximity at the type lociilit:( of Kennack Sands, suggesti ng 
small scale heterogeneity of both end members. Examples of 
original igneous intrusive relationships are frequently 
preserved. These relationships are similar to the variety 
of relationships discussed by Sparks & Marshall (1986) for 
the mixing and. rningl ing of magmas on St. Kilda, N. W 
Scotland and by Frost & Mahood ( 1987) for 'the Lamarck 
Granodiorite, sierra Nevada, ·California. The primary 
igneous relationships appear to be .overprinted by 
subsequent deformation and metamorphism, which shows an 
apparent l.ncrease from Kennack Sands southwest to Parn 
Voose Cove. Field observations such as these, support the 
simultaneous presence of two distinct magmas, one basaltic·, 
o:te granitic, which were intruded into the Lizard 
' 
· . . 
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peridotite. 
~ Contact Relationships 
All of the contact relationships described were 
J 
observed along the south coast from Eastern Cliff to Church 
Cove, or at other sample localities shown in figure 3. 2. 
4.3.1 Gneiss/Hornblende schist relationships 
The relationship between the gneiss and the hornblende 
schists can only be seen on the south side of Cadgwith 
Cove, as well as at Kil<;lown Point. At these localities one 
can see that the banded gneisses are distinct from the 
bornblende-schists and that the contact between the two (at 
least at these two localities) is clearly not transitional 
but sharp. 
At Kildown Point, serpentinize~. peridotite rests 
directly on top of flui~ly folded Traboe-like hornblende 
schists. The peridotite is cut by irregular dykes of banded 
gneiss which have their gneissic foliation parallel to the 
margins of the · intrusions. Moving down the cliff tm.,ards 
the contact, tha gneissic foliation 9hanges orientation 
becoming parallel to the peridotite/ hornblende schist 
contact. A wave-washed exposure at the level of the basal 
thrust clearly shows irregular ~ds of granite sitting 
directly on top of a nd trunca ting the folds within the 
Traboe-1 ike hornblende schists (Plate 31) . This , 'is cle~r 
) 
' 
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evidence that the gneiss at this locality 
"\ 
does not pass 
' transitionally into the hornblende schist but it has been 
intruded along the basal thrust .and upwards into the 
overlying .peridotite. No evidence has been-observed for the 
banded gneiss~s being intrusive into the hornblende 
schists, however, vein~ and pods of granitic material can 
be seen crosscutting the hornblende schists only 2 m below 
the basal thrust contact. This mutual exclusivity of the 
mafic fraction of the gneiss and the hornblende schists, 
has led previous authors to suggest that the .mafic end 
.. 
members of the Kennack Gneiss are the ~iqrnatized 
equivalents of the hornblende schists. I believe that the 
field evidence does not su~stan~iate this hypothesis. The 
- . 
hornblende 'schists at this locality are distinctly 
different in appearance from the mafic gneiss. 
On the beach and in the cliffs south of Cadgwith cove, 
a sill-like sheet of banded gneiss can be seen cutting 
greenjred recrystallized serpentinite. The body of gneiss 
continues southward along the cliff wher~ it can be seen to 
lie directly on top of hornblende schist. Although the 
' peridotite is no longer visible here, due · to overburden 
cover, field relationships observed 30 m northeast suggest 
that it probably overlies the gneiss. 
Moving still~rther south, the hornblende · schist is 
cut by a number of small ( <1 m) , shallow, southeast-dipping 
shEar zones. Small veins and dykes of granitic material can 
\ . 
• 
. .. 
Plate 31. At Kildown Point, irregular pods of granitic 
material sit on top of and truncate the foliation within 
u~deriying Traboe-like hornblende schist. 
i 
l 
) 
/ 
Plate 32. A sill of dominantly banded gneiss, at the 
peridotite/hornblende schist contact near the Devils 
Frying Pan, contains thin discontinuous lenses of mafic 
material (mafic fraction of the Kennack Gneiss) . These 
lenses · contrast sharply with the larger screens of 
foliated, medium-grained, green-grey hornblende schist. 
Note the granitic material to the extreme bottom left of 
the photograph. ' 
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be seen cross-cutting the schists and dipping to the 
southeast, paralleling the trends of the shear zones. No 
mafic ·or banded gneiss can be seen cross-cutting the 
hornblende schists. At this locality, the sill of banded 
138 
gneiss contains two distinct mafic fractions. The dominant 
mafic portion is present as long (<qS m), 30 em thick 
"" screens o£ a feldspathic, coarse-graihed grey to green 
amphibolite which is similar to the underlying hornblende 
schists {Plate 32). Also present are ~are slivers of fine 
grained, schistose, amphibole-rich mafic material, which i s 
the amphibolite related to and intruded with ~e banded 
gneiss. The screens of hornblende schist are )nt":rpreted as 
lenses of underlying hornblende schist which were ripped up 
during intrusion of the banded gneiss sill. This 
interpretation is very similar to that of Green (1964c). 
Again , these field relationships suggest that the 
/ 
mafic portions of the~anded gneiss are not simply 
fragments or restite o! the underlying hornbl~nde schists. 
4.3.2 Gabbro/Banded Gneiss relationships 
In Kildown Cove, a number of small bodies of massive 
pegmatitic gabbro crop out. The mutual intrusive 
relationshi ps a r e ve ry difficult to determine, but i t i s 
clearly evident that the gabbro ·intrudes the serpe nt i n i t e 
(Plate 33) . 
The secti on o f coast from earn Barrow to Parn Voose 
( 
( 
Cove is dominated by a complex unit of banded gneiss and 
gabbro intrusions which surround and engulf serpentinite 
' . 
xenoliths of variable size. Gabbro occurs in the central 
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promontory of Polgwidden, as well as in small vein like 
bodies at the base of the cliff at Polbarrow. The intrusive 
relationships are extremely difficult to interpret, as the 
rocks which cropout here have been overprinted by movement 
on a l,~e. normal fault, as well as having been deformed 
together en masse, presumably during emplacement of the 
' 0 
ophiolite. In his original memoir, Flett (1912) poetically 
expresses the complex rock relationships at this local~ty. 
"The little cove where stands the ruinous 
pilchard-fisher's hut is known as Polgwidden and on both 
sides of it there is gabbro; .from this point southwards 
to The Chair the coves are best examined with the help 
of a boat. Gabbro appears in all of them with serpentine 
and banded gneisses; the whole forms a complex which can 
only be described as a melange, in which all of the 
rocks are mixed and welded together in inextricable 
confusion." 
From close examination of the exposure, it appears 
that the banded gneiss is intrusive into the gabbro. 
Prolate inclusions ~f coarse-grained foliated gabbro are 
surrounded by schistose, aphyric basalt. The foliation in 
the schistose basalt appears to flow around the inclusions, 
indicating that the inclusions were generally solid when 
incorporated into the gneiss. Interestingly, the foliation 
in the gabbroic inclusions is always parallel to the 
foliation in the gneiss and the inclusions frequently have 
ienticular tails indicative of high-temperature deformation 
~ ( 
Plate 33. At Polbarrow, a small body o~pegmatitic ga.~ro. 
intrudes green-black peridotite. 7-
Plate 34. A lenticular inclusion of foliated coarse-
grained gabbro within rnicrogabbroic mafic gneiss, which 
is itself intruding medium-grained gabbro. Locality is The 
Chair. 
, 
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either in the solid state or possibly while the rock was 
still hot and near its solidus (plate 34). 
Approaching Whale Rock from the north, the abundance 
of gabbro increases, such that separation of individual 
rock types ~s virtually impossible. It is apparent that the 
banded gneiss has intru~e~ a generally plastic pegmatitic 
gabbro, and both have subseque~ly been deformed together. 
4.3.3 Relationship between Gneiss and Mafic Dykes. 
The Kennack Gnei&s_jnd the mafic dykes also show 
complex relat~onships. Actual contacts are rarely seen, and 
when contacts are visible the relationships are not 
necessarily as clear cut as would oe expected. Mafic dykes 
~ are most commonly seen intruding serpentinite within the 
cliff sections. The dykes ~an be traced seawa~d and in 
places disappear bene~th beach rubble or pinch out 
entirely. The typical relationship observed between the 
gneiss and the mafic dykes is that of the gneiss situated 
seaward and at a lower level than the dykes. However, at 
one locality in particular, the contact relationshi~ 
between the two is clearly seen to be the reverse, where 
the gneiss is above and landward relative to the dyke. 
On Enys Head, a thin (<3 m thick) northwest-dipping 
sill of mafic banded gneiss can be seen cutting through the 
peridotite. The sill consists of an aphyric schistose mafic 
fraction with sub-parallel bands of a fine to medium 
i 
; ,, 
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grained, pink, quartzo-feldspathic granitic material. The 
sill is intersected by a narrow aphanitic mafic dyke having 
a vertical dip and striking perpendicular to the sill. 
Inspection of the peridotite above the sill reveals that 
the dyke is absent. Close examination of the contact 
between the two does not conclusiVely determine their 
r~utual relationship. At the intersection, the aphanitic 
\ mafic dyke abuts ag~st the aphanitic mafic fraction of 
the gneiss, and these ~o rocks appear identical in hand 
sample. There is a sugge~tion of the mafic material in the 
.pyke being smeared with Jnd incorporated into the sill 
(Plate 35) . These observations lead to three plausible 
explanations for the origin ~f this structure: (1) the dyke 
was pre~ent prior to the intrusion of the sill and the sill 
subsequently acted as a zone of substantial movement 
between the serpentinite above a~d below the sill of 
gneiss; (2) the mafic dyke actually feeds the sill and has 
acted as a source for the mafic gneiss; (3) The dyke 
conveniently ended at the intersection with the sill, 
regardless of the ages of intrusion. Examination of the 
mafic dyke revealed tha t the dyke is highly fragmented, by 
movement along small faults paralleling the trend of the 
banded gneiss si~l. This observation suggests that ~he 
first possibility~e most probable . 
I 
Two geochemical samples have been obta ined from this 
li 
locality. L7-60 wa s taken from the mafic dyke, 
. . 
r; 
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approximately 3m below the contact with the sill, and L7-33 
was ob.tained from the opposite side of the banded gneiss 
sill. Both samples are aphyric basalt, the only significant 
difference being that L7-33 was foliated whereas L7-60 was 
unfoliated. The nature of this contact relationship will be 
~~rther evaluated by comparison of chemical analyses in 
chapter 5. 
Although distinct contacts cannot ' be seen, 
relationships may be inferred in the vicinity of Kennack 
Sands. For example, at Eastern Cliff, a generally 
undeformed microgabbroic dyke can be seen cutting through 
peridotite exposed in the cliff. Close examination reveals 
th~ presence of small veinlets of felsic material 
paralleling the margins of the dyke. The dyke may be traced 
southward towards the beach where it disappears into drift. 
Following the same trend as the dyke, the next outcrop 
encountered consists of a small oval intrusive body of 
dominantly grar.i tic gneiss, which is not cut by the 
microgabbroic dyke. At first observation one might quickly 
assume that the granitic plug is younger than the mafic 
dyke. Superficially this is correct, however, one has to 
«. 
bear in mind the dynamic nature of the intrusive event. 
What these field relationships suggest is that~~altic 
magma composing the dyke was injected by granitic melt and 
its base was truncated shortly after it had intruded the 
peridotite. 
/ 
Plate 35. At Enys Head, a·l metre wide mafic dyke abuts 
against a 3 metre thick sill of mafic banded gneiss. Note 
the apparent smearing of the dyke to the left of the 
photograph. 
Plate 36. At Thorny Cliff, a 2 metre long phacoid of 
talcified peridotite can be seen to sit within a 
dominantly granitic gneiss. 
' --
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Features such as this are not common, however sinilar 
relationships can be seen at a few other localities such as 
the west side of Kennack Sands and along Thorny Cliff 
towards Cadgwi th · . . on the southwest side of Kennack Sands, 
an irregular, near-vertical dyke of schistose basaltic 
material cuts the peridotite. This dyke contains margin-
pa,.rallel felsic string~rs, whiqh increase in abundance 
' 
moving southward towards the ocean. Over approximately 5 
metres, the dyke passes into typical banded gneis.;. This 
relationship indicates that the mafic portion of the gn;rrss 
was more mobile- than the felsic portion. 
4.3.4 The relationship between gneiss and - serpentinite 
The relationship between the Kennack Gneiss and the 
, Lizard peridotite ls clearly demons~rated at numerous 
I 
locations within the map area. The Kennack Gneiss is 
clearly intrusive · into the peridotite, as indicated by the 
presence of numerous phacoidal inclusions of peridotite in 
the gneiss. These inclusions can be of variable size, 
ranging from centimetres to hundreds of metres in 
dimension. When extremely large in size, the "inclusions" 
might represent large roof pendants of peridotite 
surrounded by thin intrusions of Kennack Gneiss. They are 
typified by highly altered, schistose margins consisting 
dominantly of tremolite with minor talc, brucite and 
calcite, 'as well as having generally unaltered cores of 
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-peridotite (plate 36) . Many of these inclusions are 
elongate parallel to the foliation in the engulfing gne~s 
and have length/width ratios of up to ~1. 
In the vicinity o-f Polgwidden and Polbarrow, the 
inclusions can have length/width ratios of up to 8: 1, 
possibly indicating ·that the serpentinite was engulfed as 
rigid screens or that it has undergone greater deformation 
in this locality. Perhaps the increase in deformation of 
the gabbro present at Polbarrow can be related to the 
increase in the length/width ratios of the serpentinite 
inclusions. The banding in the gneiss is always p_arallel to\ 
the margins of the inclusions and can be se2n to be 
deflected around the inclusions. 
Where the Kennack Gneiss forms distinct dykes and 
sills within the peridotite, a normal intrusive 
relationship is generally more difficult to interpret. 
Quite frequently the contacts of vertical, dyke-like bodies 
are hidden by overburden, or obscured by a thin .. zone (<30 
em) of schistose tremoli te, talc and calcite. The formation 
of. the alteration minerals may have resulted upon intrusion 
of the gneiss into the serpentinite, · or they may have 
. 
resulted from the contact acting as a zone of fluid 
migration and differential movement after intrusion of the 
gneiss. The presence of schistose alteration products 
however, indicates that the contacts may have been zones of 
weakness upon which differential movement occurred between 
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the serpentinite and gneiss. 
Perhaps of more interest and more pertinence to the 
geological history of the Lizard as a whole, is the 
temporal relationship between th~ Lizard peridotite and the 
Kennack Gneiss. A question 9f great importance is whether 
the Kennack Gneisses intruded ints peridotite or 
serpentinite. Kirby (1979a) cites an example where an 
inclusion of serpentinite has been cross-cut by a thin 
granitic vein. He proposes that the inclusion acted in a 
competent and rigid manner and was therefore still 
peridotite during intrusion oL the granite. The 
observations of this study corroborate the conclusions of 
Kirby (1979a). A detailed study of the metam~rphic and 
metasomatic chemical reactions associated with gneiss 
intrusion would be instrumental in the solution of this 
problem, but are beyond the scope of this study. 
4.4 Structure and Intrusive Forms 
Examination of maps 1 and 2, in comparison to the 
British Geological Survey sheet 359, reveals that the 
Kennack Gneiss outcrops more sporadically and occurs in a 
variety of intrusive forms not previously documented . 
. 
A-lthough it is not clearly evident from map sheets 1 and 2, 
the gneiss bodies have probably undergone extensive folding 
during and probably - subsequent to their intrusion into the 
Lizard peridotite. This is most clearly seen in the 
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southwest portion of the map area, documented on map sheet 
2. 
Near Whale RoGk, the gneissic foliation ,and the 
mineral foliation in a unit of banded gneiss has been 
warped into open folds. It would be difficult to interpret 
these structures, if the compositional banding in the 
gneiss was absent. Initially one would assume that in order 
to look at the original intrusive forms of the Kennack 
Gneiss, it would be necessary to first di~tinguish the 
features resulting from deformation. However, it can be 
seen that many field relationships linking the gneiss to 
their cou~try rocks indicate a syn~tecton ic in~usive 
origin for the bodies of gneiss and it is therefore 
improper to attempt to divorce the intrusive forms and 
structural elements, as they are intimately related. 
Unravelling of the complex structure within the 
southeast sections of the map area proved difficult, 
however, interpretation of these structures was simplified 
by the presence of generally undeformed equivalents in the 
northern section. At Kennack Sands- and localities 
southwards towards Carleen Cove, the intrusions of gneiss 
appear dominantly unfolded, although gneissic and mineral 
foliations are rarely absent. At the southern end _of 
Kennack Sands beach, a large block of Kennack Gneiss 
protrudes from the sand. This block provides a superb 
example of the nature of the discontinuous banding in the 
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gneiss and the intrusive relationship between the granitic 
and basaltic end members .• A shallowly, southeast dipping, 7 
m thick sill of f~liated, ~iotite granite is sandwiched 
' between an upper and lower sequence of discontinuously 
~anded gneiss. This type of relationship suggests that the 
' gneiss occurs dominantly as shallowly, southeast dipping 
sheets and that the granitic material is typically found as 
homogeneous zones within the cores of tnese sheets. 
Relationships such ~s this can also be observed on a much 
~ 
larger scale. 
' Examination of the outcrops immediately to the south 
of Kennack Sands reveals that the outer reefs are dominated 
by foliated biotite granite and as one moves northwest 
towards the cliffs, the foliated granite passes 
transitionally into banded and then mafic gneiss, and 
!. 
finally into peridotite. Peridotite comprises the lowermost 
part of the cliff section . and is overlain by mafic gneiss, 
banded gneiss and granitic gneiss respectively. This 
possibly represents a transition from granitic magma, to 
mingled magma, into mafic magma and finally into country 
rock (peridotite). This indicates ~hat zo~es of banded 
gneiss which are not pervasively deformed, can be 
interpreted as zones of mingling between a basaltl c and a 
granitic magma. 
Examples of this type of relationship ca):l be seen at a 
number of other localities, for example at Eastern Cliff, 
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or alternatively in Kildown Cove. On the beach below 
Eastern Cliff, a small oval shaped body of dominantly · 
granitic gneiss intrudes peridotite and is mantled on its 
northern margin by a number ~f apparently sheeted dykes of 
basaltic comp?sition (figure 4~1). The presence or absence 
of similar dykes along the southern boundary is 
undetermined, as the southern margin of the body is not 
exposed. Regardless, the shallowly, southeast-dipping 
nature bf the mineral foliation within the foliated 
granite, and the similar orientation of the eastern contact 
with the peridotite, suggests that this body also has a 
so~theast dipping sheet-like form. The paucity of basaltic 
material in this location may possibly be a result of this 
body representing a higher level of intrusion. Assuming 
that the granitic magma had a lower density than the mafic 
material, then it would have had a greater likelyhood of 
rising farther u~ through the peridotite. Eventually, it 
may have reached a level where the mafi~ magma was at 
buoyant equilibrium, and the granitic magma was abl.e to 
shed its sheath of basaltic material. This may be in part a 
plausible explanation for the presence of homogeneous 
bodies of granite in ~he central regions and on the west 
coast of the Lizard. Of course it is entirely possible that 
basaltic material was significantly less abundant in those 
areas during the intrusion o f the granite. 
An outcrop of gneiss in Kildown Cove exhibits a 
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Figure 4.1: Field sketch {plan view) of an oval body of dominantly granitic gneiss at 
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similar type of relationship. Although this example is 
dominate~ by banded and mafic gneiss, a small outcrop of 
generally granitic material occupies the central portion of 
the body. Perhaps the most interesting feature of this 
specific outcrop is that the orientation of the gneissic 
foliation rotates about the central outcrop of granitic 
gneiss (figure 4.2). This suggests that this central 
outcrop of granitic gneiss may represent a cross section 
through the uppermost portion of an intrusive body of 
Kennack Granite and associated Kennack Basalt. Again, the 
transition from granitic magma in the core, to mingled 
magma and then basaltic magma respectively can be inferred. 
A very pertinent point not yet addressed, is the 
relationship between the intrusive forms of these gneiss 
bodies and the origin of the banded structure. The banded } 
structure is defined by alternating layers of felsic and 
mafic compositionsl Thicknesses are highly variable, but 
the orientation of the banding always parallels the 
contacts with the country rock. This is readily seen on map 
sheets 1 & 2 and in figures 4.1 & 4.2. The margin-parallel 
nature of the gneiss intrusions is readily explained if 
both basaltic and granitic end members were injected 
upwards into the peridotite in an already partially co-
mingled state. As previously mentioned, the gneissic bodies 
found along the southwestern section are typified by more 
continuous banded structure as well as a more penetrative 
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mineral foliation. These more pervasive structural elements 
are related to an overall increase in deformation towards 
the southwest (ie. down section). 
Where bodies of gneiss have not undergone folding, the 
intrusive margins of the bodies vary greatly in 
orientation. At localities where the gneiss has near 
horizontal intrusive contacts, the degree of alteration of 
country rock is minimal, and is typified by pervasive 
hematization of the peridotite, resulting in a reddish 
appearance. This degree of alteration contrasts with 
localities where intrusive contacts are vertical or 
inclined where one.can typically observe a zone (up to 40 
-
\ 
em) of talc-tremolite schist. Although evidence is not 
conclusive, this suggests that the vertical or inclined 
cont~cts may actually be faulted. If these are faulted 
. contacts, then it is possible that the faulting may have 
been prior to and synchronous with injection of the gneiss 
or a much later phenomenon entirely. The absence of gneiss 
fragments within these fault zones suggests the former. 
Appealing to all of the observed contact and intrusive 
relationships, I believe that these faults formed prior to 
injection of the gneiss and were still active after 
injection. This suggests that intrusion of the Kennack 
Gneiss into the serpentine was generally fault controlled. 
' 
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~ Petrography of the Kennack Gneiss 
'All samples of felsic and mafic fractions were 
examined in thin s~~ti~n. A detailed discussion of all of 
these samples is unneccesary, as many of the samples are 
very similar in appearance and mineralogy. A number of 
representative samples w~ll be discussed below and compared 
I 
to other composftionally similar samples. Each variety of 
gneiss (ie: granitic, mafic and hybrid) will be discussed 
separately. 
Unfortunately, relatively few samples of intermediate 
composition were collected. As previously indicated, this 
is a result uf sampling difficulties. 
4.5.1 Petrography of the felsic fractions 
Twenty one samples of felsic material were ' collected 
for this st~dy. The majority of these were obtained from 
distinct, relatively thick units of felsic material. 
Samples of the felsic fraction are dominated by granular 
biotite granites having anastamosing foliations. Where the 
amount of strain was large, the foliation is defined by 
stretched feldspar grains and biotite if present, but when 
the amount of strain was small, the presence of a foliation 
can only be ascertained if biotite was present. All samples 
contain large phenocrysts of albite (<4 mm), typically 
exhibiting antiperthitic exsolution lamellae and commonly 
undergoing grain boundary r e duction. These are surrounded 
·-
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by a finer .grainec{grou;,.dmass consisting of intergrown 
anhe4ral quartz and al.kali feldspar and less commonly 
plagioclase. Accessory phases are'generally lacking, 
although zircon, apatite and muscovit~ are observed in some 
places. Muscovite typically occurs interstitially, although 
it is rarely included in feldspars, while zircon and 
apatite occur as minute euhedral grains within quartz and 
feldspar (plate 37). 
Samples L7-59 and L7-21 generally lack any significant 
fabric. L7-59 displays graphic texture in handsample and 
both show graphic texture in thin section. These samples 
are dominated by large phenocrysts of alkali feldspar (<8 
mm) which are cross-cut by anastamosing veinlets consisting 
of fine grained, intergrown anhedral plagioclase and 
quartz. The occurrence of these later veinlets suggests the 
presence of Na2• rich fluids in the rock, sometime late in 
the cooling history. L7-59 contains n~erous subhedral 
gr~ins of broken zircon, characterized by peculiar blotchy 
interference colours. These zircons were originally 
interpreted as allanite, however, scanning electron 
microscopy indicates that the grains ~onsist entirely ·of 
zro2 and Si02 • Significantly, the abundance of zircons 
within this ~ample is not a result of normaL 
differentiation processes, but their abundance is believed 
" 
... 
to have resulted through mechanical incorporation, possibly 
from the granite source region. 
\ 
I 
Plate 37. A photomicrograph of typical medium-grained 
granular granite with. accessory muscovite (L7-53). Field 
of view is 3.5 mm under crossed polars. 
Pla te 38. A photomicrograph of hybrid gn~iss (~7-8) where 
chloritized biotite grains and actinolitic amphibole wa rp 
around a saussuritized plagioclase phenocryst. Field o f 
view is 3.5 mm under crossed polars. 
~, 
' ~-
-
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. Sample L7-42, obtained from a late stage granitic ve_:i,.~ 
at The Chair, is composed entirely of potassium bearing 
minerals. In thin section, turbid potassium feldspar 
(orthoclase) (<2.5 mm) camprises .the majority of the rock 
and is followed in abundance by a grey I<zO-bearing 
feldspathoid (kalsilite-nepheline) and biotite . Quartz is 
absent and no visible tex1f!Jres suggest ... lt's prior -presence . 
~ 
Biotite occurs as small bladed grains interstitial 'to · the 
orthoclase and it is typically altered to green pleochroic 
chlorite. Accessory minerals appear absent, although this 
may be a function of a pervasive hematization. 
4. 5. 2 Petrography of the hybrid gneiss 
Three samples of distinctly intermediate material were 
exainine(j in thin section. one of these, sample L7-8•, 
contained'.minerals not observed in any other samples 
obtained from the Lizard. L7-8 was sampled from what was 
interpreted to be an oftcrop of hybrid Kennack Gneiss 
present within a unit of banded gneiss. In hand· sample, the 
specimen is pJ,agiocl'ase porphyritic, having a pervasive 
schistocity defined by the parallel alignment of amphibole 
and biotite. 
In thin section, the distinctly different mineralogy 
becomes apparent. Large subhedral but broken crystals o f a 
pale-yellow to colourless amphibole (actinolite), 
intergrown with bladed biotite crystals, surround and wrap 
~· 
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about small (<2 mm) phenocrysts of plagioclase thus defining 
the pervasive foliation (plate 38). These plagioclase 
... 
phenocrysts are generally subhedral and are typically in 
advanced stages of saussuritization. Albite twinning is 
rarely observed. Many of the phenocrysts contain 
antiperthiti~ exsolution, which is unaffect~d by the 
saussuritization. The groundmass felsic minerals dominantly 
-:;ons.ist of broken, anhedral quartz crystals which show 
peculiar perpendicular fracture patterns mimicking those of 
kyanite. Small subhedral antiperthite grains are also 
present in the groundmass, frequently resulting in 
myrmekitic exsolution-intergrowtns between the quartz and 
alkali feldspar, possibly indicating subsolidus 
recrystallization has occurred. Accessory minerals include 
abundant needle-like apatite and rare anhedral opaque 
grains. 
The sample described above contrasts with L7-73, which 
was obtained from a band of apparently hybrid material in 
the BGS Kent\ack Sands drillcore and L7-5B, obtained from a 
thin unit of banded gneiss intruding peridotite at 
Pentreath Beach. These samples also contain plagioelase 
phenocrysts, up to 4 mm in L7~5s but generally smaller and 
less obvious in L7-73. These phenocrysts are generally very 
similar to those in L7-8. They are in advanced stages of 
saussuritization and rarely exhibit albite twinning. Mafic 
minerals consist of bladed biotite and anhedral green 
163 
. . pleochroic ho~nblende. The preferent1al alignment of these 
mafic phases defines a moderate foliation. Anhedral quartz 
and subhedral plagioclase grains comprise the remainder of 
the rock. Again, the quartz displays a peculiar 
perpendicular fracture pattern. Perhaps the most 
significant difference between specime~ L7-73 and the other 
two hybrids is the presence of abundant·sub-euhedral sphene 
crystals which are sometimes up to 1.5 mm in length. 
Accessory apatite is also quite common as small needle-like 
crystals embedded in plagioclase. Opaque grains were not 
observed, although hematite staining, was extensive in L7-
58, possibly a result of the narrow thickness of the dyke 
from which it was obtained. 
4.5.3 Petrography of the mafic fractions 
Twenty samples of mafic material from the Kennack 
Gneiss were taken from a number of outcrops throughout the . 
Lizard. Samples of all of the textural varieties were 
c 
obtained and thin sectioned. 
When attempting to distinguish between the mafic 
fraction of the gneiss and hornblende schist,, perhaps the 
most striking feature of all is the typical abundance of 
biotite in samples of medium~grained mafic material of the 
gneiss, in comparison to the complete absence of biotite 
within samples of the Trabca and Landewednack hornblende 
schists. Epidote was not observed in any samples of Kennack 
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gneiss mafic material. Except for these features, it is 
extremely difficult to distinguish between deformed mafic 
gneiss material and hornblende schist in both hand sample 
and thin section. 
It has been shown that the Kennack Gneiss has variable 
field characteristics, and this variability is emphasized 
in a .petrographic stu.dy. In microstructure, the mafic 
fractions vary from non-foliated, to strongly deformed 
varieties with nematoblastic texture. Hornblendic amphibole 
1 
and plagioclase dominate the mineralogy, although 
actinolitic amphibole rather than hornblende is present in 
a number of samples. Plagioclase is typically strongly 
saussuritized. strangely, there is no apparent relationstip 
between the amount of accumulated strain and the extent of 
saussuritization of the plagioclase, which ranges from 40-
100%. Sphene is abundant in some samples and generally 
. appears to 1ncrease in mode with increasing content of 
plagioclase and biotite. Although biotite is typically 
present, a few samples contain no biotite at all. This 
seems to be related to the occurrence of actinolite. The 
absence of biotite is not reflected in the chemistry 
however, as all mafic fractions of the gneiss have K2o >1.5 
wt. %. 
The variation in appearance hinders the petrographic 
description of these rocks, however, it is still possible 
to recognize the textural subdivisions used for the 
q 
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description of the mafic fractions during field mapping. 
The dominant variant of mafic material is a medium grained 
biotite-plagioclase-hornblende schist. The grain s i ze is 
locally very variable, and is related to discontinuous 
banding of compositionally similar mafic material. These 
schists are composed dominantly of yellow to deep green, 
strongly pleochroic hornblendic amphibole and subhedral 
plagioclase crystals. The hornblende is typically sub-
anhedral in form and is mantled by irregular patches of 
mildly pleochroic orange-brown biotite (plate 39). Thus, it 
appears that much of the biotite is a reaction product of 
amphibole decomposition. Plagioclase is present both as 
small euhedral saussuritized phenocrysts (< 2 mm) and as 
smaller, less alter(d, subhedral grains in the groundmass 
\ 
(plate 40) . Albite twinning is rarely observed. Opaque 
grains are quite abundant, composing up to 5\ of the rock, 
and these are typically anhedral in form. Apatite is also a 
common accessory phase, occurring as small, stubby crystal s 
but more commonly as long, needle-like grains embedded in 
plagioclase. 
The next most abundant variety of mafic material is 
represented by sample L7-~J. This is a sample of fine 
grained schistose basalt obtained from a thin unit of 
~ennack Gneiss at Enys Head. The sample is composed 
entirely of a pale yellow to colourless pleochroic 
amphibole (magnesio-hornblende), · set in a matrix of 
/ 
, -
Plate 39. Green to pale-yellow pleochroic, anhedral 
hornblende with subhedral partly saussuritized plagioclase 
grains in a medium-grained biotite-plagioclase-hornblende 
schist (L7-72). Biotite is present as orange alteration 
rims on amphibole grains. Field of view is 3.5 mm under 
ppl. • 
Plate 40. A saussuritized plagioclase phenocryst with 
green to pale-yellow pleochroic, anhedral hornblende in 
a medium-grained biotite-plagioclase-hornblende schist 
(L7-70). Note the orange anhedral biotite as well as rare 
euhadral sphene. Field of view is 3.5 mm under ppl. 
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strongly saussuritized plagioclase. The amphibole, which is 
fibrous to prismatic and typically anhedral in form, 
composes 60% of the sample and defines the pervasive 
foliation. The saussurite comprises approximately 40% of 
the sample and appears almost opaqu,e under crossed polars ~ 
Opaque grains, the only visible accessory phase, are rare 
and· anhedral . 
Samples of medium to coarse grained 'splotchy' 
gabbroic rocks and medium grained dioritic rocks are the 
least common variety of mafic material. This variety is 
best represented by sample L7-24, taken from an outcrop 
just south of Kennack Sands. The rock is much coarser 
grained than others previ·:nsly described, having grains 
~enerally <2-3 mm in diamet~r. It has no penetrative 
foliation, and is composed of randomly oriented lathes of 
~ornblende and biotite, set in a groundmass of partially 
saussuritized plagioclase. Hornblende constitutes 40%, 
plagioclase 45% and biotite approximately 15% of the rock. 
The hornblende is yellow to deep green pleochroic, anhedral 
and has associated with it large irregular patches of 
opaque material (magnetite exsolution). 'Biotite occurs as 
typical bladed, strongly pleochroic grains, which are 
locally altered to chlorite. The plagioclase occurs as 
small subhedral grains surrounding the hornblende-biotite 
intergrowths. It is generally 70% saussuritized, although 
patches have apparently escaped much oi the alteration. 
' l 
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Multiple lamellar twinning is commonly observed where 
alteration is minimal. Accessory phases include anhedral 
opaque grains, generally closely associated with the mafic 
phases, as well as abundant apatite. The apatite occurs as 
large (<0.5 mm) intergranular grains throughout the sample. 
Of major concern is a possible explanation for these 
highly variable field and petrographic characteristics. 
Possibly a number of different magma types may be 
represented by these various textural varieties, or perhaps 
these variable textures are the consequence of a wide range 
of primary igneous, mixing and mingli~g relationships, 
which have been overprinted by locally changeable 
conditions of deformation and metamorphi~m. 
4.5.4 Conclusions on petrography 
Of the three divisions of Kennack Gneiss described in 
the field examinations, two distinct end members (biotite-
granite and micro-gabbro) and a range. of textural and 
compositional varieties of each have been examined in thin 
section. The diversity of textures and compositions of the 
felsic and mafic end members of the gneiss are also readily 
s~en in thin section. As a result, the same method of 
classification of textural varieties described on the basis 
of field work is follow~d in the petrographic description~. 
Petrography on it's own, only conclusively s~pports the 
field observation that the gneiss is extremely variable in 
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texture and form, as the majority of the samples have been 
overprinted by metamorphic mineralogies and textures. The 
petrographic and field variation internal to each end 
member suite is i~terpreted to be a result of mingling and 
mixing of silicic and mafic magmas, combined with highly 
complex intrusive relationships and variable amounts of 
subsequently accumulated strain. on the basis of 
petrography and field description, the three examples of 
hybrid material are interpreted to have resulted from 
mixing of the felsic and mafic end members. 
4.6 Summary of field -relationships and petrography 
The Kennack Gneiss refers to a suite of intrusive 
rocks which show compositional banding on a mesoscopic . 
scale. Contact relationships indicate that the Kennack 
Gneiss is the youngest rock type on the Lizard Peninsula. 
Observations at contacts between the basal hornblende 
schists and the Kennack Gneiss reveal that the gneisses are 
distinctively different in mesoscopic and microscopic 
_/ 
appearance from ~~ hornblende schists and no transitional 
I 
relationship ca~ be seen. 
Contacts observed between the Kennack Gneiss and some 
of the ~afic dykes suggest an intimate relationship, where 
the dykes are similar in character to the mafic fractions 
o f the Kennack Gneiss . This has previously been suggested 
by other authors (Flett, 1946; Strong et al., 1975 and 
171 
Langdon, 1977) and as field observations are not 
conclusive, geochemical analyses will have to be 
emphasized. 
Abundant coarse grained gabbro, occurring with Kennack 
Gneiss in cliff sections between Parn Voose Cove and 
Kennack Sands, is generally older than the gneiss. 
Inclusions of gabbro· in Kennack Gneiss attests to this. The 
gabbro inclusions typically have a foliation paralleling 
that of the engulfing gne~ss, and exhibit textures 
indicating plasticity during inclusion and subsequent 
deformation. All of these features suggest that the gabbro 
was still hot when included in the gneiss, and .~that both 
have subsequently ·been locally deformed together. 
Generally, undeforrned examples of Kennack Gneiss found 
in the northeastern part of the map area may be examined to 
determine the relationship between the felsic and mafic 
fractions of the gneiss. At these localities, it is evident 
that the broadly banded structure of much of the Ken~ck 
Gneiss h~s arisen as a result of intrusion of mingled 
silicic and mafic magmas into the Lizard peridotite. The 
~resence of ~chistose alteration zones along steep contacts 
with peridotite suggests that the intrusion of the gneiss 
t 
may have been largely fault controlled. Variable textures, 
structures and mineral assemblages, particulprly prevalent 
. 
within the mafic fractions of the gneiss, may be ascribed 
to primary igneous intrusiv~ ~elationships involving 
,-~ 
"....__ ~ 
.. 
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variable amounts of mingling and mixing of the mafic and 
felsic end members. This was followed by variable amounts 
of deformation resulting from intrusion of the gneiss into 
and along the base of a moving thrust nappe. This 
deformation probably occurred synchronously with the 
intrusion of the Kennack Gneiss into the Lizard peridotite. 
The partially molten magmas were able to mix and mingle 
m~re extensively through application of this essentially 
simple shear· process related to thrust tectonics. 
The next chapter will be devoted to the description of 
the chemistry of the Kennack Gneis:, as well as the other 
rock types, and the validity of a. number of petrogenetic 
hypotheses will be discussed . 
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CHAPTER 5 Geochemistry 
5.1 Introauction 
In total, 84 samples were obtained .for geochemical 
analysis. These include 22 samples of felsic material· from 
the gneiss; 21 samples of mafic material from the gneiss; 
13 samples of mafic dykes from various locations on the 
Lizard: 10 samples of hornblende schist: 8 samples of ~ 
variable textured gabbro: 7 samples of' micaceous schist and 
3 samples of Man of War Gneiss. Samples of felsic and mafic 
fractions of the gneiss were supplemented by an~lyses of 
"acidic and basic gneiss 11 from Langdon (1977). These 
j 
analyses could be included, as they were obtained at 
Memorial University using tne same analytical facilities as 
were used for analysis ff the samples obtained for this 
study. It should be noted that the data from Lang~on (1977) 
--~ 
does not affect the observed differentiation tre~s, but it 
only serves to better round out the data base. Mafic dyke 
analyses were also supplemented by those from Langdon 
(1977). Hornblende schist analyses from Kirby (1979) were 
also used to supplement data from thl~ study, .particularly 
to evaluate the nature of the hornblende schists adjacent 
to the peridotite-schist contacts. The three sanples ot MOW 
-, 
Gneiss were supplied by Dr. M~ Styles of the British 
Geological Survey. 
All samples were analyzed for major element and trace 
" I 
' ' 
.. 
element contents. For the specifics ot the analyses 
obtained and the analytical techniques used, refer to 
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appendix 4. Rare eartp element (REE) contents were obtained 
for 28 samples including a samples each of felsic and mafic 
fracti'ons of the gneiss. REE content:; were also obtained 
for 4 mafic dykes of variable fi~ld and petrographical 
character~ 2 micaceous metasediments of the OUiS; 2 samples 
of hornblende ~chist; and 2 samples of Man of War Gneiss. 
In addition to the REE ·analyses, a number of other trace 
element abundances were obtained for thes.e 28 samples. see 
appendix· 2 for a list of the elements analyzed. 
The following sections will concentrate on the 
discussion of the Kennack Gneiss from a chemical point of · 
view. The geochemical data will be evalua~ed in terms of a 
mechanism of ori.gin for .the gneiss. The chemistry of the 
other rock types will be discussed in section 5. 8 . 
.2_:_2. Alteration studies 
The Kennack Gneisses are dominated by metamorphic 
textures and mineral assemblages, and are therefore 
considered to be metamorphic rocks. This introduces the 
possibility of mobilization of the major and low field 
strength elements (LFSE) during metamorphism, possibly 
resulting in. a change in ~he bulk rock chemistry (Saundi!rs 
et al., 1980). Examination of the major element chemistry 
(appendix 2b) reveals that the K20 contents o,f the. mafic 
I 
• 
\ 
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fractions of the gneiss are much higher than would be 
expected in typical ocea'~ic basalts, . except perhaps alkali 
oceanic island basalts or high K calc-alkaline basalts. 
; . 
This high K20 content could possibly be a result of 
alteration and metasomatism accompanying metamorphism, or 
it may he a result of reaction with the K20 rich granitic 
melt. Examination of major _ element analyses of hornblende 
. ~A . . . . 
schists, taken from outcrops only metres away from bodies 
of banded gneiss, reveal that the K20 content of the 
hornblende schist is much lower than that of the mafic 
gneiss (appendix 2b and 2d) . This lends support to the 
p'i:-oposal that the high K20 content of the mafic· gneiss is a 
. , .. . !o. 
result o.f re_action with the felsic portion of the gneiss. 
On the whole, the major element Harker variation -
diagrams for the Kennack Gneiss exhibit a moderate degree 
~ : 
of scatter, particularly with respect to the mafic· 
fraction (figures 5. 2a-i). This suggests that some 
--:.& • 
mobi.lizati'on of the major elements has .Occurr.~d · a~'. ~tlat it~ 
may be more sui table to rely dominantly on 
. .,. 
nimmopile 11 
trace elements such as Nb, Y, Zr and the REE for 
~ . 
petrogenetic interpretations. However, caution must be · 
emphasized, as even these supposedly immobile elements are 
subject to s~me degree of mobility during metamorphic 
~ ""' · events. Thus...._ their present concentrations may not reflect 
abundances due to primary igneous processes. ~ 
--. ' ~ Possibl,_petrogenetic models 
. ' 
Field relationships favour a magma-mingling and 
possibly a magma-mixing mechanism for generation of the 
Kennack Gneiss. Other hypotheses deserve discussion 
~ however, ~nd will be tested using the geochemical data 
collected during ~his study. This section is devoted to 
outli~ing the possible petrogenetic models against which 
. _I 
the differentiation trends for the Kennack Gneiss will be 
evaluated. 
A variety of mechanisms may have generated the .Kennack 
Gneiss. Perhaps the mafic and felsic fractions are related. 
by fractional crystallization. If this _is the case, then 
ultimately one woulQ expect to find progressively fewer 
felsic differentiates ~ith increasing silica content. In 
. natural systems this rule does not always hold true, _ _ 
especially in ·regions which show a bimodal distribution of 
~ock types. A suite of rocks related through traditional 
fractional crystallization m~ch.anis·ms will define curved 
' 
trends on variation diagrams (figure 5.la). This is a 
result of the constantly changing proportions and 
compositions of mineral phases being removed from the melt 
as crystallization progresses (Cox et. al., 1979). 
) 
~-
The two fraction~ /~ay be associated through some other 
mechanism of ceystal-liquid or llquid-liquid fractionation, 
' . 
such as the Soret effect, or alternatively, Thermo-
~ravitati6nal ~iffusion (TGD) (Hildreth, 1981). Suites of 
.... 
~ - -· 
•• .... 
Figure 5.1: Theoretical ...variation d·iagrams for three 
possible petrogenetic processes responsible for the 
generation of the Kennack Gneiss.. Adapted from 'l[irby 
· ( 1979a). 
A) A cartoon showing the effects of fractional 
crystallization of mineral phases through time on the 
liquid lines of descent. Note the decrease in the number 
of observations as fractional crystallization progresses 
and in particular the .curved variation trends. 
B) In situ partial melting of a homogeneous intermediate 
parent will result in minimum melts which, with increasing 
degree of melting, will progressively migra.te (along a 
linear path) back towards the parent composition. The 
residues will concomitantly migrate away from~e parent 
composition (along the same linear path) to lower . Si02 
contents. The inset schematically shows the process of in 
situ metasomatic differentiation. This simply . refers to 
the diffusional separation of a homogeneous parent ln.to 
· distinct mafic and felsic Jfractions . (Ashworth, '1985) ·. 
·Harker variation diagrams would appe~r similar to those 
for in sitl.l partial melting, ·however, three phases would 
be present in this case, :. a felsic leucosome, a mafi'c 
_melanosome ·and the parental materL~l. 
.  
C) Coexisting magmas of distinctly different compositions 
may interact to produce various possible results. These 
range from . magmatic immiscibility to magma-mingling with 
various amounts of mixing to complete hybridization o~ the 
two magmas. The ·observed . variation trends are, ther~fore 
dependent upon many variables most importantly the 
relative temperatures of the two magmas,- compositional' \~ 
differences and volume contrasts. As a result, ·the ~ 
possible results are numerous. Shown here are the 
variation trends for mingled and mixed mafic and silicic 
magmas from the net-veined ring dykes of St. Kilda, 
Scotland (Marshall & Sp.arks, 1984). 
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. 
rocks related. through TGD exhibit extremely high degrees of 
. 
enrichment or depletion of ~inor and·trace elements during 
minor c~nges in major element concentrations (Hildreth, 
. ' \ 1981; Miller & Mittlefehldt, 1984). T~e soret effect, 
· ~pe~ificaily re~rring to chemical diffusion due to thermal 
gradient;s, has been proposE;!d to be an e·~fective mechan~m· 
) .of magma ' differentiatio~. Although it has been docum~nted 
• 
.. 
in laboratory experiments with l'iquid metals, the effect -of 
Soret diffusion- has not; yet been clearly demonstrated in a 
system involving silicate melts. As the experimental 
evidence_, is not. available, and ev~dence supporting Soret' 
diffusi~ has not been ~eported in any geological 
situation,·it is an unlikely candidate for generation· of 
the Kennack Gneiss. However, Soret diffusion day hav~ some 
importance ~n explaining local chemical inte~actions and 
. . . . 
_ ~h~ __ ~ ren~~- I?!O~':lc~? by___!~~se _ ~~~erac::t?--ons. ~-!:_~_~ough th.~ _ '!'GP 
process is an alternative to fractional cry&&allization, 
recent studies indicate that the processes attrib~ted to 
TGD can readily be explained through fractional 
~ crystallization of mipor Fessory ph.~ses (Miller & 
Mittlefehldt, 1982 & 1984; Michael, 1~88). ' 
·rt is also possible that the gneiss frac~ons , are 
relate-a through various degrees ·of closed system partial 
meiting of an inte~~diate source( rock, where the first 
liquid formei(will represent minimum melt compositions 
(Si02 = 76tl. As p~lal ftlelting ·proceeds, the melt . 
.,.. 
I. 
•" 
'• 
• 
e. 
' 
. 
.  
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~o~osition will ~igrate away rrom the ternary eutectic and 
. 
the source composition wiil b~come increasingly mote 
refractory. This situation is very similar to the trends 
; .•.. 
generated throl#qh · insitu metasomatic diiterentiation, the 
only-significant difference being based on field 
observations, as a ~istinct me~ t phase will be' _present 
' during partial melting but not during metasomatic 
segregation. A suite of rrocks related in either of these 
fashions will define linear trenas on ele~ent-e~ement · 
variation diagrams (figure S.lb). The proportion of 
1 
.--intermediate roak types could be significan~ly less than 
the proportion of mafic and felsic end members, unless 
subsequent homogenization of . the two' end · members has 
' 
occurred (White & Chappell, 1977). 
A tllird possibility is ·that the two · fractions are not 
. ' -
- - - -, - -- '---~asil-y-qenet-ically - linked. In this situation, they may, or / 
may not be related, but have . been intruded toge~her into 
the Lizard complex. This· has been sugg_.;sted by Kirby 
' . 
. 
(1979a), b~t was ruled out on the basis of his field, 
petrographical a.nd ~hemical interpretations. A suite of 
'.'. 
rocks related this way are referred to as arteritic 
": 
. ' 
migmatites (Ashworth,. 198.5) and would be der1ved through 
. . 
I •• 
intrusion 'of a felsic melt into unrelated . .matic rocks. They I 
should define no tradit~nally sens.ible int~r·- - ~~d meml:Jer 
trends on variation diag~ams . 
If the tw~ tr'actions are unrelated, it is possible 
.. 
r-
1 
• 
l 
r 
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that they have subsequently 
or :even magmatic mixing. In 
rocks generated in -this way 
interacted · ~hro;h ass.imila:ion .. 
an ideal situatio, a suite'of 
. . 
will also define linear trends 
on simple element-element v~riation diagrams. However, it 
is important to keep in mind the variat--ions which mar occur 
if the situation is not ideal. For e~ample, if the felsic 
material is sligntly younger tha~ the mafic material, then 
/ 
liquid state mi~ing can pnly occur between the earliest 
felfJic melts and the most fracti'onated, or latest mafic · 
melts (figure 5.lc). 
Alternatively, if the mafic .rocks are fully · 
crystalline upon intrusion ~f the {elsi~melt, then the 
extent.of assimilation of the mafic rocks will be limited 
by ~he overall heat content of the silicic/mafic system.' In 
this situation mafic material is predominant, therefore the 
felsic magma cannot melt and wholly ass~ilate the mafic 
rocks, however, selective assimilation of portions of the 
mafic material · may have occurred .. This type of selective 
I 
asslmilation might result .in variation trends not be 
readlly discernable on major element Harker diagrams, as 
\ 
selective assimilation would ,onty result in modifying a . 
pre-exist~ng' linear or curvilinear trend. One would have to 
refer to trace elements to determine tne validity of thi s 
suggestion. 
If the rock suites are related through liquid state 
interaction, then the extent of . hybridization will be 
}\' 
.. ·:. \ 
~: 
... 
_ .. 182. 
c;lepe~#nt u%on a number of ":factors. Most impor~ntly, the 
initial temperature'contrast between the two maqmas, and 
the relative volumes of the two in~eracting .maqmas will 
eventually determine the extent of hybridization (Bacon, 
1986; Sparks & Marshail, 19·86 ~ Frost. & Mahood, 1987 ~ 
~ 
Barbarin, 1988). If "the volume of silicic magma is ~uch 
greater than that of the mafic magma, then the probability 
of mixing and· hybridization is much lower than if the 
situation were reversed. In order for _two magmas to 
' ' 
_thoroughly hy~ridize, they must first reach thermal 
equilibri~m, otherwise interaction ~f a cool silfcic magma 
with a hot mafic maqma might result in . quenching of the 
mafic magma (Bacon, 19S€)). Another i~portant consideration 
is the compositional _ d~fference between the ' two magmas. 
• Magmas which have a large compositional difference are 
..... 
genercrl.iy not observed to hybridize readily. 
~ Characterizing the Kennack Gneiss 
Ex~mination of the chemical characteristic~ of the 
' • • 
~nnack Gneiss is best undertaken using_ silic~ as a 
differentiation index, as the gneisses sp~n a l~rge range 
of silica contents from 45 wtt to 77 wt\. There is a 
distinct compositional gap from 58 wt\ to 68 wt% Si02 
within which only four samples fall. This compositional gap 
is difficult to interpret,· however it may indicate sampling 
error ari.sing from the -ff icul ties encountered in 
I 
-· 
.... 
., 
J 
/ 
.. . 
• 
• 
Figure 5. 2a-i: Major element Harker variation diagrams 
for the Kennack Gneiss. 
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• 
obtaining samples ·from ~hin bands ~f pr,obable interm~dia~e~ 
~ 
material within the bandeQ gneiss uni~s . 
. Ma:for element 'Ha~ker ·variation · dl\gr.ams {M:~, MnO, 
. J 
· Al2o3' and P205 ) display what are interpreted as gener-ally 
. . -~ '" 
curved inter enq 'member ~rends J figures 5o~) o Th.t~ major 
elements FeOT, •K20, Na20 and Ti9:z. display n~ requla,.r 
J 
variation when . plotted agains~ silica. Alternati~ely, the 
., - . ,• . Ji' . ~ 
plot of cao vers~s Si02 (figure 5 . 2i) shn~s a some~hat• 
. . . - . 
·scattered but linear relationship. The variati.on trends 
"' 
exibited by thk Kennack Gn~iss ·on these major ·element' 
. . 
Harker diagrams are not in accprdance with a restite 
·separation· or clos~d sy~tem, p~rti~l meittng model of 
origin. Unfortunately, a significant drawback with t~spect 
.. . . . ~ .. 
... 
to the diagrams is that they do not concll.,lsively , support 
.R • • 
any one- hypothesis over the other. Any suite of mafic reeks 
• . . • . ' -i ' , 
plotted on· those figures .would exib~t fairly qohe!ent) : 
linear or curvilinear relationships with the · felsic 
fraction of the Ki:mnack Gneiss. 
' · Examination of the trace. element Harker variation 
diagrams (figures 5.Ja-i) sheds more light on the ino~ 
plausible petrogenetic pro~esses. Few trace :1ements . 
exhibit lin;ar variation from -mafic to felsic end -membe rs. 
The elements Zn and v, which are enriched in th~,m,fi~ 
rocks relative to the silicic rocks, show a scattered but 
' . . ' ,, 
"negative l ;inear covariation.. The elements Ni ~nd Cr exhibit 
~urved but so:.:J..t scattered covariayh Si02 - ~ere 
. . 
\ 
Figure 5. J a- i: Trace element · Harker variation diagrams 
for the Kennack Gn~iss. Sy~bols as in figure 5. 2. 
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. the absolute concentrations of trace elements are similar 
within each end member, as is the case with Nb, Y, Sr, Rb 
and Zr, no coherent linear or curvilinear trends are 
defined. Thus, it is unlikely that the mafic and felsi c 
rocks are related through any simple mechanism of 
fractional crystallization, in situ partial melting or 
metasomatic differentiation. 
If the two fractions are not related through either 
restite separation or fractional crystallization , then it 
\ 
is most probable that they are two genetically unrelated 
rock suites ~ If they represent two diff•rent magmas, then 
the possibility of magma mixing and/or assi~ilation s houl d 
be addressed. The following .sections will deal with the 
individual ~nt~rpretation of both end member suites , 
considering the processes .sponsible for the or i gin of 
each. The role of mixing of these two end membe rs wi ll then 
be investigated to aid in the explanation of chemical 
variations hot readily explained by more traditional 
differentiation mechanisms. 
~ Fe lsic Fract~on Geochemistry 
An eva luation of the internal chemical variation of 
the f e lsic rocks is needed to determine the process o f 
,. 
differentia tion which has i nfluenced their evolution. The 
firs t ste p i s to examine their major element behavior using 
Si02 as the differentiation index. 
\ 
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5.5.1 Major element chemistry 
Examination of the major element variation diagrams 
for the felsic fractions reveals that the majority· of the 
oxides exhibit a generally negative linear covariation with 
.. 6 
Si02 ; such as Al 20 3 , Ti021 P20~, MgO, FeO* and MnO (figures 
5.2a-i). The oxides cao, K20 and Na20 exhibit scattered 
trends (figures 5.2a-i). 
5.5.2 Trace element geochemistry 
Trace element variation · diagrams for the feisic 
fractions also use silica as a differentiation index. 
Examination of figures 5.3a-i, reveal that the trace G 
elements exhibit a wider variety of behaviors with respect 
; 
to silica. The transition metal elements Ni, v, Cr and Zn 
exhibit a scattered, but generally linear negative 
covarience with Si02 • Perhaps the most interesting 
relationships arise with respect to the HFSE. The elements 
zr and Hf expibit strong negative libear correlations with 
. ) 
silica, the Hf apparently mimicking the ~r as would be 
expected due to their similar chemi6al behavior. At first 
glance, the elements Nb and Y exhibit extremely scattered 
'covariation with sili~a, 'i more so than Nb (figures 
5.3e,f) . Closer examination reveals the 1presence of three 
possible fractionation trends, which exhibit ranges in Y 
from 5-40ppm and Nb from 2-16ppm. These ranges in values 
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Figure 5.4: Expanded Y and Nb Harker variation diagrams 
for the felsic fractions of the Kennack Gneiss. 
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' cannot be attributed to analytical error, and must be the 
,: 
result of some other fractionation process which.ha~ 
enriched the two elements up to ax over a change of only 1-
3 wt\ Si02 (figure 5.4). 
The LFSE also exhibit a wide variety of behaviors. Ga, 
Rb and Ba display scattered covariation ~i th S i02~ Sr 
~ibits a negative li~ear covariance with Si02 • Rubidium 
(Rb) behaves in a different manner, exhibiting a scattered 
but curvilinear covar.iation with silica. Rb reachs a 
minimum at approximately 73% Si02 and then cli~bs rapidly 
• • 
with increasing silica content. .,. 
5.5.3 Rare\Earth Elem&nt geochemistry 
Rare earth elements were plotted as chondrite 
normalized values versus atomic number, utilizing· the 
normalizing factors of Sun and Hansen (1975). 
REE patterns for the felsic fractions show light rare 
earth element (LREE) enrichment relative to middle rare 
~ • 
earth elements (MREE) and heavy rare earth elements (HREE), 
where Ce11/Yb11 = 5.2-21.9 (figure s.€). This includes all 
• 
sampl e s analyze~ except for sample L7-59, which has Ce~Yb11 
= 0.67. Examination of REE Harker va riation di a g r a ms 
reveals that LREE contents of tf')e \n i cic fractions 
appare ntly decre a s e with increa sing silica but the HREE 
conte nts remain unchanged (!i gure s 5.6a-c). Th is i s i n 
accordance with the presence of a LREE bearing phase in t h e 
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Figure 5.5: Chondrite normalized rare earth element diagram for five samples of the felsic 
fraction of the Kennack Gneiss. All samples are normalized according to Sun & 
Hansen (1975). 
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residue, or a bEE bearing phase on. th,e liquidus. Europium 
content, expressed as Eu/Eu* shows no consistent 
relationship with increasing silica content (figure 5.6d). 
These relationships are difficult to interpret as they show 
no apparent regular behavior. 
The relationship of the HREE with silica is also 
difficult to interpret, as it seems· that the HREE also have 
an irregular covariation with respect to silica. When 
plotted against Zr, the sum' of the HREE (LHREE -Tb-Lu) for 
each sample shows a positive linear correlation with Zr 
{fig~re 5.6e). This indicates that the HREE contents of the 
·l 
silicic rocks are intimately linked with zircon. The 
significance of this zircon · control on the HREE'is emb~died 
in the HREE enriched pattern of sample L7-~9. As discussed 
\ in chap~er 4, section 4.5.1, this sample is highly enric~ed 
. 
. 
in zircon. This makes the use of the REE for petrogenetic 
interpretations of the ~1icic rocks difficult. 
·' 
5.5.4 Conclusions 
The geochemical plots show significant scatter and 
indicate some alteration of the rocks has occurred. Strong 
linear covariance of Zr and Si02 (with minor exceptions) 
indicate that the HFSE have probably not been affected by 
alteration. Nevertheless, caution is required. 
The major and transition element chemistry.of the 
silicic rocks are dominated by sometimes scattered but 
198 
generally linear covariance with respect to Si02 • The trace 
elements Sr, Zr and po~sibly Hf sftow strong negative linear 
correlations with ~\lica. All of these relationships 
indicate that the evolut!on of the\felsi~ Yractipns has 
been dominated b.y a process resulting in a linear 
covariance of most elements with Si02 , most probably a late .. 
magma-mixing event. 
The variations of the elements Rb, Y and Nb arf3 
difficult to interpret, as they do not conform to a mixing 
model. In the case of Rb, metamorphism and alteration have 
probably ' greatly influenced the distribu
1
tion of this 
element. Thus, its irregular variation with res~ect to Si,02 
is not as critical as' the unusual .behavior of the HFSE, ' Nb 
~ andY. The behavior of these two'elements suggests that 
dhey have been decoupled from the REE, Zr and Hf. This 
'J . 
would be very difficult to explain by the presence of a 
particular mineral phase in the residue, as the expected 
phases typically have dis~ibution coefficients of a 
similar magnitude for these elements. Perhaps an 
alternative expl~nation for the behavior of these ~lements 
can be proposed. 
At. first glance, it seems evideiltt .that the LREE and · 
less so the HREE have a negative covariance with Si02 • 
However, the absence of a large data base for the REE may 
hav,e resulted in a misinterpretation. Taking those samples 
for which REE, U, Th and Hf analy~es have been obtained and 
" 
•, 
. < r 
/ 
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plotting graphs of Y and ·Nb versus Si02 for these samples 
alone, negative covariances are observed. It appears that 
it is not only Y. and Nb whicq behave irregularly, but the 
" generallY' similar behavior of the REE, Th and U indicate 
that these elements also have irregular cO'variation with 
Si02 • . This cannot be tested properly without more data 
being generated for these elements, however, it is ap~arent 
. 
that the strange behavior of these elements indicate that 
t . 
more than one petrogenetic process (ie. not only mixing) 
may be observed in the chemical data. The irregudar 
behavior of these elements suggests that prior to mixing, 
their behavior was dominated by crystal-chemical contro l 
i'nvolving HFSE ~nd REE bearing accessory phases. 
Significantly, the other HFSE, Zr and Ti do not behave 
irregularly. This is because these elements are - Essential 
Structural Constituent (ESC) elements"in particular phases 
such as zircon . and sphene, and as a result they behave as 
major elements rather than incompatible trace elements 
(Hansen, 1978) . 
2..._§_ Mafic_, Fraction Geochemistry 
Evaluation of the internal variation of the mafic 
fraction of the gneiss was undertaken using MgO as a 
differentiation index . 
I 
J • 
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5.6.1 Major element chemistry • 
Examination of the major element variation d~agrams 
indicates that the mafic rocks are cha,racte.rized by 1 
generally scattered trends. 
Only Na20, CaO and possibly Si02 show any reasonabl~ 
systematic variation with Mgd. Na20 shows a ~efl defined, 
' ' . 
slightly curved, negative covari~nce with Mgo; while cao 
•:>' 
has a distinctly curved covariance which has an inflexion 
\ 
point at 8 wt% MgO (figures 5.7g-h). FeOr defines ho 
sensible trend with respect to MgO, p1ossib.ly indicating Fe · 
was mobile. 
These few curved variation trends, particularly with 
... respect to the oxides of cao and Na 2o, suggest that 
fractional crystallization has been the dominan~ ;>recess of 
differentiation. Eva~uation. of the possible liquidus 
phases, which haverinated the major and trace element' 
chemistry will be und~rtaken in section 5.6.4. 
5.6.2 Trace element ch~mistry 
Trace element variations were also plotted using MgO 
.. . 
• 
as a differen_tiation index. Similar to the major elements, 
the trace elements display a generally scattered behaviou r 
with respect to MgO. 
A number of the more mobile trace elements ~uch · as Rb, 
U, cs and Li display widely scattered covariation with 
.. 
MgO. This scatter is interpreted as a result of alt~ration 
r 
\ 
-
Figure 5. 7: Major element variation diagrams for the mafic 
fractions of the Kennack Gneiss. MgO is used as a 
differentiation indeX'. 
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and metamorphism. Generally lin~ar positive cov~riance with 
MgO is exhibited by the transition metals Ni, Cr, while Zn 
and v show a highly scattered relationship (figures 5.8a-
d). Zr and less soY, Nb and Ba show u scattered but linear 
negative covariance w-ith MgO. Sr exhibits a curvilinear 
• 
relationsldp with MgO, similar to Na20 (figures 5. a:-i>. 
5.6.3 Rare earth element chemistry 
- -
All samples of the mafic fractions .show LREE enriched 
patterns having Ce"/Yb" ; 1. 7-3. 6 (figure 5. 9) . The REE 
patterns are generally parallel to each ofher, however 
, . "' 
., 
• cross overs in the individual patterns do occur. This cross 
over typically occurs at Eu, indi~ating that the LREE have 
been preferentially enriched while the HREE have been 
depleted. REE Harker variation diagrams {figures S.lOa-c) 
show that the REE abundances in the mafic gneiss increase 
' with decreasing MgO. Thid ~ehaviour also indicates that 
fractional crystallization is the most probable mechanism 
of differentiatlon. 
5.6.4 Conclusions on Mafic Fraction chemistry 
~ 
Major and trace element variation _diagrams for the 
mafic fractions show generally scattered trends, but the 
observation of some curved trends (CaO, lfa20 and Sr) are 
0 
indicative of fractional crystallization. Particular 
· r 
element variations give a good idea of the phases which 
, 
Q) 
......., 
·-. '
. -o 10 
. C 
0 
.c 
0 
' ~ 
0 
0 
a: 
• L7-22 
o L7-76 
~ L7-24 
oL7-46 
• L7-47 
La Ce ·Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Figure 5.9: Chondrite normalized rare earth element diagram for five samples of the mafic 
fraction of the Kennack Gneiss. 
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Figure 5.10 : Rare earth element variation diagrams for the mafic 
fractions of the Kennack Gneiss. MgO is used as a 
differentiation index. 
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have been fractionated from the magma. The ste!cty . de~rease 
/ 
in MgO, Ni and Cr indicate that orthopyroxene and possibly 
•olivine were crystallizing. On the graph of CaO vs MgO, a 
distinct: inflexion at approximately 8 wt .. \ MgO indicates 
the introduction of a ca-rich liquidus phase (figure 5.7h) . 
Since no similar inflexion can be obsetVed at the 8\ MgO 
value with respect to Na20 or Sr, clinopyroxene rather than 
plagioclase crystallization is suggested. Significantly, 
( 
inflexions occur in plots of Sr and Na2o at approximately 
6.5 wt. % MgO .(figures 5.7g and 5.8e), indicating that 
plagioclase was on the liquidus during more advanced stages 
of crystallization. 
~ 
on variation diagrams where HFSE have been plotted 
against MgO, the general trends are compatible with 
fractional crystallization but the scat.t~r of data points 
. . 
is not. This scatter must be attributed to some other 
proces~. A similar behaviour for the HFSE is described by 
Sparks & Marshall (1986), however, no explanation is 
offered. Perhaps the scatter in these typically immobile 
~lements is a result of interaction of the parental maf i c 
magma with a crustal material enriched in incompatibl e 
., 
trace elements. This might occur upon initi~l intrusi on of 
a mantle melt into lower crust and(br during ascent of the . 
basaitic magma through the crust. Accessory phases such as 
zircon, apatite and sphene are known to hoard particular 
HFSE such as Zr, P20 5 and Nb .respectively as well as having 
209 
high distribution coefficients for the REE. The stability 
. 
of these phases under melting conditions in the upper 
mantle and lower crust is not ~11 known, however recent 
work b~ Watson (1980), Helman & Green (1979), Green (1981) 
.. 
and Watson & Harrison (1984) indicates that these -phases 
may be stable during substantial parti~l melting events. If 
this is the case, then the inheritance or incorporation of 
HFSE and REE rich acc~ssory phases from a crustal source 
may greatly alter tne bulk rock abundances of these trace 
elements ye~ have little effect on the the major elements. 
To corroborate this suggestion, one would expect to 
s~e xenocrysts of these phases present within samples of 
the mafic fraction of the gpeiss. The only supportive 
petro~raphic evidence gleaned from this study is the 
presence of tiny grains of colourless, highly birefringent, 
high relief material found along plagioclase and amphibole 
grain boundaries. These are interpret~d to be zircon 
inherited from crustal material during ascent of the 
basal-tic magma. 
2.....2 The Hybrid Gneiss 
As only · three samples of distinctly hyb~id material 
were obtained the evaluation of these rocks is difficult. 
Their interpretation is best undert~ken by comparison to 
both the felsic" and the mafic fractions. 
The hybrids, represented by L7-8 and L7-73, nave ~i02 
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Figure 5.11 : Chondrite normalized rare earth element diagram for two samples of hybrid 
gneiss. 
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contents intermediate to the felsic and mafic end members. 
The majority of ~ther major elements are at abundances 
intermediate between the two end members, although the MgO 
content of L7-8 is a little too high and the Al20 3 content 
·a little lower than would be expected (figures 5.2a-i). 
This supports the suggestion that these are in fact 
·-
. mixtures between t.he two magmas (ie. felsic and mafic end 
members). Most of the trace elements contents are 
intermediate, except the Sr content of L7-8 is lower and 
~ 
the Ni content much higher than would be expected (figures 
5.Ja-i). Perhaps the most noticable irregularities arise 
. 
with respect to HFSE Y, ·Nb and Zr where the concentrations 
of the HFSE are afl lower than would be required. 
The hybrids are characterized by LREE enriched 
patterns having small negative Eu anomalies and Ce11/Yb11 = 
10.43 and 12.83 respectively (figure 5.11). Relative to the 
mafic fractions, hybrid gneisses are characterized by 
higher LREE abundances and lower HREE abundances. Felsic 
fract!ons typically have higher LREE contents, but lower 
HREE abundances than the hybrids. The role of mixing in 
generation of the hybrids is more difficult to evaluate 
with respect to -the REE. It should be noted that the REE 
chemf~try of a particular hybrid will be reflective of two 
unique felsic and ·matic parents. As :a result, none of the 
fel~i~ and mafic fractions collected for . this study can be 
mixed (in varying proportions) to produce the unique REE 
\ 
~· . 
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Figure 5.12: Chondrite normalized rare earth element plot showing 
the pattern for hybrid gneiss sample L7-73 compared 
to fields outlined by both felsic and mafic fractions 
of the Kennack Gneiss. 
It is readily apparent that the weighted averages 
of the two fields could be mixed to produce a pattern 
similar to that shown for L7-73. 
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p~tterns for the hybrids coflected. However, the 
significance of mixing may b~--qu-alitatively shown (figure 
5.12) where superimposed fields for selected mafic ~nd 
felsic fractions are compared with the pattern for hybrid 
. . 
L7-7J. It is readily evident that the hybrid could be 
produced through mixing a LREE enriched, HREE depleted 
felsic material with a LREE depleted, HREE enriched .nafic 
material. 
\ ~ Chemistry of the ·_other rock units 
Chemical analyses of mafic dykes, hornblende schists , 
gabbro and mica schists were obtained to eva~uate the 
relationship of these rocks to the Kennack Gneiss. The 
following section will be devoted to description of the 
data for each of the respective rock types, and the 
. 
relationship between these rocks and the Kennack Gneiss . 
will be clarified. 
5.8.1 The Hornblende Schists 
Ten samples of hornblende schist were obtained from 
outcrops of hornblende schist found along the southeast 
coast. of the Lizard . . All of these were taken fro~. areas 
originally mapped as Landewednack variety, hqwever field 
and petrographic· studies indicate that the, s amples obtained 
can be divided int~ two distinct groups. This is also 
reflected in the chemistry of the samples. Samples referred 
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Figure 5.13: Chondrite normalized rare earth element diagram for two samples of hornblende 
schist. Sample L7-67 is a fine-grained foliated hornblende-plagioclase schist. 
Sample L7-10 is a medium-grained compositionally layered hornblende-plagioclase 
schist. 
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to as Traboe-like in appearance were characterized by lower 
Ti02 , P20 5 , 'i, -Zr and Nb and higher MgO, Ni and cr contents 
than those samples described as ct:taracterizing the 
J 
Landewednack· __ variety (appendix 2c). This indicates that the 
Traboe-like hornblende schists found directly below the 
basal thrust contact are chemically more pr{mitive than the 
typical Landewednack schists. These Traboe-like schists are 
probably pods of deformed~ layered gabbroic rocks wit'hin 
the uppermost sections of the basal hornblende schist 
sequence. 
·-
REE contents were obtained for two samples of 
hornblende schist. Sample L7-67 is a t}pical epidotic 
hornblende plagioclase schist of the' Landewednack variety 
while L7-10 was obtained from an O~tcrop of layered 
· feldspathic Traboe-like hornblende schist. The REE patterns 
for the two samples are qufte different (figure 5.13) with 
L7-10, having much · lower overall REE abundances (generally 
< lOx chondrites) and . exhibiting a LREE depleted pattern 
with ceMf'ib11 = 0.45. Sample L7 ... 10 also displays a positive 
europium anomaly indicating the accumulation of 
plagioclase. Sample L7.,....67 has REE abundances between 20-40x 
chondrites and has a MREE enriched pattern with Ce11jYb11 = 
- 1. 18. 
5. 8 . 2 The Gabbro 
Eight samP,les of va»iable -textured gabbro wera 
obtained from exposures along the southeast coast of the 
. 
Lizard. Chemical analyses of these samples reveals that, 
although closely related in the field, the pegmatitic 
gabbro and its proposed fine grained marginal phase have 
. 
distinctly differing chemistries. Of the eight samples 5 
are pegmatitic and are chemically similar while the 
remaining three fine grained samples show no 
characteristics linking one another and may represent 
gabbroic phases of the mafic fraction of the Kennack 
Gneiss. 
2lb 
The pegmatitic gabbros are typified by very low HFSE 
contents, high Al203 contents and high N i and Cr values 
(appendix 2d). REE abundances are typically< lOX chondr i te 
values. Th~se gabbros have flat to LREE enri'ched patterns 
having CeN/YbH = 1.32-1.55 (figure 5.14). The pegmatit i c 
gabbro REE patterns are charact~rized by significant 
· positive Euanomalies which decrease with increasing · REE 
abundances. This suggests that these rocks are plagioclase 
cumulates which are related to one another through var i ous 
degrees of fractional crystallization. Their relationshi p . 
. 
to the other rock types is not clear, however on the basis 
• of REE they do not appear to be related to the oph i o l itic 
cumulate gabbros represented by sample L7-10. 
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Figure 5.14: Chondrite normalized rare earth element diagram of two pegmatitic gabbros . 
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5. 8. 3 Th)··Mafic Dykes 
Thirteen samples of mafic dykes from the various 
-
outcrops along the Lizard coast were obtained. These were 
divided into four groups which can be distinguishea in the 
. . 
field and petrographically; The Chemi~al data for these 
'dykes is more difficult to interpret. The three groups 
distinguished on the basis of field relationships (see 
section 3.7) can also be tentatively distinguished using 
HFSE contents and the abundances of the transition metals 
Ni and cr. 
Group 1 dykes are characterized by the highest HFSE -
contents and the lowest Ni and Cr content~. In this 
. 
respe.t, they are the most evolved of .the mafic dykes 
(appendix 2 e) ...... 
Group 2 dykes are typified by variable T.i02 contents 
,~- but generally have the lowest HFSE contents and the highest 
Cr and ~i content_s. They have REE abundances 'ich are 
qenerally <lOx chondrites and have LREE depleted patterns 
with CeR/'Yb" = o. 66 (figure 5.15). These dy]<.es are 
therefore the most P'rTmitive. , 
. 
The HFSE and transitional metal content of group 3 
dykes appears to be transitional between dyke~ belon~ing t c 
groups 1 and 2. REE abun~ances are typically <20x 
r. 
chondrites and these dykes have_ MREE enrich~d patterns with 
~ 
Ce11/Yb11 = 1. 26 (figure 5 .15). The REE patterns for the 
group 3 dykes are very similar to rthe pattern for the 
,_ 
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Figure 5.15: Chondrite normalized rare earth element diagram for four mafic dykes from 
the Lizard complex. 
N 
....... 
1..0 
2?0 
Landewednack hornblende schist. 
Dykes £lassed as belonging to group 4 (Kennack Gneiss 
re~ated) have LREE enriched pa~terns relative to other dyke 
· groups (figure 5.15). Sample L?-60, believed to be Kennack 
Gneiss related was obtained from a mafic dyke on Enys Head . 
• 
It is clearly not gneiss related as it has REE abundances 
<20x chondrites and hlt. ~ a Ce!lf'Yb11 • 1.10. The REE pattern 
of this sample is MRE~nriched and is very similar to the 
patte~n for a group 3 dyke L7-19A. Sample L7-1, also 
believed to be related to the mafic fraction of the Kennack 
... , 
\ . 
Gneiss is LREE 'enriched with Ce11/Yb11 • 2.77 1 but it has 
MREE and HREE abundances very similar to L7-60 and L7-19A. 
·It;_ iS'. possible that this variability in LREE contents of 
'- _ .f . I 
group 4 dykes is a result of a number of \?ossibilities 
including; 1) differing source~ 2) differing degree of 
partial melting or 3) the LREE enrichment is a result of 
interactio~of the mafic gnei~~ magma with a lower crust 
component as previously suggest~ 
5. 8. 4. The ~ica Schists 
Seven samples of micaceous schist were obtained from 
outcrops throughout the Lizard. ~~ of these, ~7-3 2 & 36, 
were ,thought to be inclusions of mica schist within 
granitic gneiss. However, the high transition metal content 
-
of these samples suggests that an ultramafic origin is more 
probable (appendix 2f). 
' 
Figure 5.16: Chondri}:e normalized rare earth element 
diagram comparing a sampl.e of gaq1et-muscovite schi~t (L7- -
16) with a field defined by four samples of the t~lsic 
fraction of the Kennack Gneiss. The sainple L7-16 contains 
a necessary HREE hoarding phase (ie: garnet) but does not 
contain a LREE hoarding phase which would be required for 
production of the relatively LREE depleted felsic 
frac~ions of the gneiss. 
Also shown is sample L7-13a, a strongly deformed 
feldspathic greywacke of broadly granitic composition.· 
This pattern demonstra~es the general similarity between 
the felsic fractions of the gneiss and local sedimentary 
rocks. However, almost 100% melting of a parent with the 
composition of L7-13a is required by major element 
chemistry. This is unlikely as large volumes of 100% melt 
is not possible in th·is type of envi~nment. 
The third pattern is an average Devonian sandstone 
of the Gramscatho Group (Floyd & Leveridge, 1987). This 
material also has high REE abundances relative to the 
felsic fractions of the gneiss and like L7-16 does not 
contain mineral phases which could, during _partial 
melting, result in the relatively depleted REE contents 
of · the felsic fractions of the Kennack Gneiss. 
Significa~tly, the average Gramscatho sandstone has high 
Si02 content >70 wt. % and would have to undergo 
unreasonably large degrees of partial melting to produce 
the felsic fractions of the gneiss. 
,... 
c.o 
,... 
I 
,...._ 
..J 
0 
0 
0 
0 
..CQ) 
-c 
c:tSO (.)_. 
en en 
E"'C 
c:tSC (\1 
~c:tS C"') (!)en ,... 
0) 
> 
,...._ 
c:tS 
--' 
• ~ 
222 
:::3 
_J 
.0 
>-
~ 
\.... 
w 
0 
I 
~ 
0 
.0 
r-
-o 
(.9 
:::3 
w 
E 
(f) 
-o 
z 
\.... 
a... 
Q) 
u 
.3 
0 
'· 
.. 
Of the 5 remaining ~amples, 4 are pelitic scnists, 
containing 50-60\ Si02 and 18-20% Al203 whiie the fifth · 
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sample is a strongly deformed and metamorphosed greywacke 
having a chemical composition of a granitic _rock. Wl}en 
• 
plotted on some of the Harker variation diagrams for the 
Kennack Gneiss, it becomes apparent that none of these 
' 
rocks have a chemistry well suited .. for a parent to the 
Kennack Gneiss (Figures 5.2 and~.J), This is 
shown by a comparison of the REE~atterns for 
conclusively 
a proposed 
micaceous schist parent (L7-16) ~d a field defining the 
.::; ~-
patter~s of the Kennack Granite (fig;tre 5.16). Clear.y, the 
micace(oup schist has REE abundances significantly higher 
than the granites and does not contain mineral phases 
-~ 
suitable for generation of a daughter melt with iower REE 
abundances. 
5.8.5 The Man of War Gneiss 
Petrogenetic modelling is limited and tentative as 
these rocks ere strongly deformed and only three samples 
are available. However, general trends can be ohtained and 
. \ 
these will be interpreted assuming that the REE and 
immobile trace element abundances st,ill reflect'~original 
igneous processes. This will hopefully aid in ctetermining 
the prevalence of one differentiation mechanism over the 
o"eher. 
All three samples of MOW gneiss are chemically very 
\ 
similar (appendix 2g). These rocks are enriched in ~r, are 
quite aluminum rich and have a large range in silica 
contents from 52-63 wt. % Si02 • When all elements are 
plotted against silica as a fractionation index, the 
following relationships are observed. Nalo, K20, Ba, Nb, 
.'---
Pb, Th, U and Rb all inrease concurrently with silica. All 
other elements show a negative c:vari~c~ with sio2 • The 
positive covariation of Rb, K20, Na20 ahdl Ba with Si02 
indicates that neither biotite nor alkali feldspar have 
influenced the evolution of the MOW gneiss. Depletion of 
CaO, sr, and Al 20 3 with increasing silica suggests the 
-influence of calcic plagioclase\ A minor influence by 
apatite is shown by the depletion of P20,, Y, and the REE 
(particularly the MREE) with respect to sio2 • The negative 
• 
covariance of Ti, Y, V, z~ and the REE (particularly HREE) 
supports the presence of amphibole in·the residue. 
The REE ~~tterns for two samples of MOW gneiss are 
shown in figure 5.17. These samples are LREE enriched 
having C~11/Y~N · = 5.64-6.89. They have 'no Eu anomaly and 
show a ~allow bowl shaped pattern in the HREE (Dy, Ho, Er 
and Tm) • This supports the influence of amphibole and or 
sphene in the generation of these rocks (Hanson, 1980). It 
is important to note that the ov~rall abundances of the REE 
seem to decrease with increasing silica content and 
decreasing MgO content. The bowl o shape~ depletion also 
becomes more pronounced with increasing fractionation. Th ~ s 
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FIGURE 5.17: Chondrite normalized rare earth element plot for two samples of dioritic 
Man of War Gneiss. 
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suggests that these samples are related through two 
possible mechanisms. Either progressive partial melting of 
a plagiocla~e hornble~de and possibly sphene bearing source 
material essentially of basaltic compositon, and/or through 
~ 
fractional crystall~zation of amphibole with plagioclase, 
apatite' and a titanium bearing phase such as magnetite, ( 
rutile, ilmenite or sphene. 
_5.8.6 Conclusio~ 
The hornblende schists within the map area consist of 
both Landewednack and ·Traboe varieties. The Tr~boe schists 
are similar to.those described by Kirby (1979a) and are 
chemically primitive·relative to the Landewednack Schists. 
The combined field observations, petrography and 9hemical 
f 
analyses i~i~ate that small bodies of layered gabbro}c 
·rocks are ptesent within the basal unit directly below the 
basal thrust. The presence of layered gabbros structurally 
-
above basaltic rocks implies that tne basal sequence is 
either overturned, or much more dismembered 
·b9lieved. The gabbroic schists, and less so 
than previously 
\ 
the basaltic 
~ , 
schists have typical LREE depleted patterns suggestive of a · 
Mid-Ocean Ridge Basalt (MORB) che~istry. These are 
therefore distinctly different 
the, Kennack Gneiss. 
fro,;the mafic portion of ( 
Pegmatitic gabbro present within the map area can be 
distinguished from finer grained gabb~oic rocks on the 
< 
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basis of low HFSE content and high Cr and Ni values. These 
J 
rocks have flat to LREE enriched patterns and are distinct 
from the LREE depleted gabbroic rocks of the Traboe 
schists. The decrease in magnitude of the positive Eu 
anomaly with increa~ing xractionatioh, combined ~ith a 
.concomrnitant increase in REE abundances suggests that these, 
gabbroic rocks are interrelated through fractional 
crystallization. As the LR~E have not been significantly 
fractionated relative to the HREE, it · is proposed that 
plagioclase and clinopyroxene are the phases which have 
crystallized from the magma. .. 
Four distinct groups of ' mafic dykes can be 
distinguished on the basis of field, petrographic and 
chemical characteristics; Dykes classed as belonging to 
group 4 hav~ HFSE an~transition metal abundances which 
overlap those of dykes belonging to both group 1 and 3, 
indicating they are more simila~ to these varieties rather 
than group 2. Although the major and trace element data 
does not suggest any significant difference between group 4 
!dykes and those of groups 1 ~ and 3, it does not suggest 
~ny striking similarities. The REE however are useful in 
distinguishing group 4 dykes from those of groups 1, 2 and 
3. A REE pattern obtained from sample L7-l shows the LREE 
' enrichtt~ nature o.f these truly gneiss related dykes 
relative to dykes of group 2 and 3. This indicates that 
caution must be applied when attempting classification into 
( 
• 
. ' 
. . · ·'t' \\' 2 28 
groups on the bas.ii·~~f" .. unclear field relationships and• 
,. 
petrography. As previously discussed (chapter 4, section 
4.3.4} a dyke at Enys Head has ambiguous field 
' 
•· 
relationships with a sill of banded gneiss. The LREE 
,. 
depleted nature of this dyke, exhibited by sample L7-60, 
. , 
reve~ls the dyke is not genetically related to the mafic 
fraction of the Kennack Gneiss. Thus, the sill of banded 
gneiss at Enys Head must have been intruded along a low 
angle tault (thrust?) along which the mafic dyke had been 
·truncated. 
The Man of War Gneiss has gross major and "trace 
element variations which indicate that these rocks have 
' -~ 
been formed through fractionation of amphibole and 
plagioclase ~ith minor apatite and possibly a titanium rich 
accessory phase. This is corroborated by the REE , 
particularly by' the de~letion of the REE with increasing 
silica content, and the saucer shaped HREE pattern. The 
absence of a ·Eu anomaly is also readily explained. Hanson 
(1978) suggests that a negligible Eu anomaly may be 
produced in a melt if the residue contains plagioclase and 
-;·,t 
hornblende in the proportion of 2:1. This proposal ~s wel l 
suited to the interpretation of the Man of War Gneiss. 
The micaceous schists of the OLHS do not appear to be 
sui t able pa rental rocks to the Kennack Gneiss. Th i s is 
readily apparent through comparison of REE data for a 
sample of proposed parental mica schist (L7-16) with a 
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CHAPTER 6: Petrogenetic implications 
6. 1 The Kennack Gneiss: origin and Discussion 
Field relationships, petrographic descriptions and 
geochemical data strongly indicate a magmatic origin fo~ 
both the silicic and mafic portions of the Kennack Gneiss. 
The felsic fraction of the Kennack Gneiss can be seen to 
intrude and net-vein the mafic fraction, , and there is 
,, 
abundant other evidence supporting a magma-mingling and 
mixing mechanism for generation of the Kennack Gneiss as a 
whole. These rocks have unde;:_gone a complex intrusive and 
metamorphic history, as shown by their field relationships 
and their variable states of deformation. Prior to their 
intrusion and subsequent deformation in the Lizard complex 
both fractions of the Kennack Gneiss -were subj ecte'd to a 
complicate~ magmatic evolution which involved atleast two 
and possibly ~hree stages of fractionation. These will be 
discussed below. 
Large scale heterogeneities observed in the fiel d 
conclusively indicate that mingling of magmas has occurr~d. 
The extent of mixing is is less easy to determine from 
field ,relationships. The chemical variations exhibited by 
-
' the silicic rocks support the proposal that the linear 
trends are the r~~ult of mixing of a silicic magma wi_th r1 
late stage differentiate of a parental mafic magma. Back 
• 
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extrapolation of the linear variation trends show by the 
felsic rocks, to an intersection with the mafic fraction of 
the gneiss allows determination of the chemical composition 
of the mafic end member involved in the mixing event. The 
.J 
composition of the mafic end member is given in table 1. 
TABLE 1: Major element composition of th~ mafic end mem~er 
involved in mixing with the ; silicic Kennack magma. 
Si02 
Ti02 
Al 20 3 
FeO* 
MnO 
MgO 
CaO 
Na2o 
K20 
Pz05 
LOI 
56.00 
1. 05 
19.87 
6. 45 
0.11 
3.55 
3.18 
3.60 
2.60 
0·.39 
1. 75 
SUM 98.50 
11 Sparks and Marshall (1986) propose a similar 
explanation for the linear trends exhibited by the felsic 
rocks of the Mullach Sgar intrusive complex, St. Kilda 
Scotl,~nd ." Significantly, ~he relationships· obs~rved in the 
Kennack Gneisses of the Lizard complex support the concept 
of mixing 1 where a small quantity of silicic magma has 
invaded a lar,ger quantity of mafic magma. This volume 
rel~tionship would better enable thermal equilibration 
between the two magmas 1 thus supporting chemical magmatic 
mixing. The amount of mixing might be enhanced by 
me chanical mixing of the magmas possibly brought about by 
J 
-; 
'-
l 
:.' .l :.! 
tectonic movement during emplacement of the mingled magmas. 
However, the mechanical mixing could work in opposition to 
the aforementioned points, as it might aid in dissipating 
heat and therefore decrease the chance of the magmas 
""' 
reaching full thermal equilibration. 
6 .1. 1 Discussion of the Silicic rocks · 
Characterizing the Felsic Fractions: 
On a triangular plot of. normative quartz, K~spar and 
plagioclase after Streckheisen ( .. 1976), the felsic fractions 
plot as granites with few gr~nodiorites (figure 6.1). This 
is corroborated by a normative triangular plot of 
orthoclase, anorthite and albite '~figure 6.2) where they 
plot a~ granites, and not as trondhjemites as suggested by 
Malpas & Langdon (1987) and Styles & Ki~by (1979). Kennack 
felsic rocks were also ·plotted on discrimination plots of 
Coleman & Peterman (1975). Figures 6.3A and .6.3B clearly 
show that the felsic fractions have K20, Rb and Sr 
abundances characteristic of continental granophyres. Th~ 
recogni~ion of a granitic chemistry and a magmatic na tur8 
permits thg use of .the term "Kennack Granite" for the 
felsic fractions of the Kennack Gneiss. 
It has been suggested that alteration of original 
plagioclase phenoc_ffsts by a K20-·bearing metasomatic fluid 
may account for the high K20 contents of these rocks. 
Petrographic observations from this study suggest that the 
addition of Na20 was more signific~nt than the addition o f 
.. 
'-
- ~ 
. ' 
\ 
~ 
figure 6. 1: A triangular plot of normative qliartz (Q) , 
orthoclase,_,- (Or) and plagioclase (P) for the felsic 
fr~ctions of the Kennack Gneiss (Streckheisen, 1976). 
Samples of felsic material from the Kennack Gne i ss are 
cllotted as stars, while three samples of Man of War gne i ss 
~te plotted as circles. The majority of the ~elsie 
fractions of the Kennack Gneiss plot as granites while the 
samples of Man of War Gneiss plot as granodiorite or 
quartz diorite. 
\ 
0 
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\ 
Figure 6. 2: A triangular plot of normative orthoclase 
(Or) , albite (Ab) and anorthite (An) for the felsic 
fractions of the Kennack Gneiss (Barker, 1979) • Fields 
are as follows: 
(1) Trondhjhemite 
(2) Granite . 
(3) Granodiorite 
( 4) Tonalite 
( 
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Fiqyre 6, 3; Low field strength element dtscrimination 
plots (rom Coleman and Peterman (1975). Dashed field is 
the field of continental granophyres, solid field is the 
field of continental trondjhemites and quartz diorites 
and the dotted · field is the field of . oceanic 
plagiogranites. 
a) Graph of Log K20 · versus Si02 for ttre felsic 
fractions of the Kennack Gneiss. 
b) Graph of Log Rb versus Log Sr for the felsic 
fractions of the Kennack Gneiss. 
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K20. This is indicated by the presence of plagioclase-
quartz bearing micro-veinlets which cross-cut the foliation 
in the granit~s. Additionally, electron microprobe 
traverses across alkali feldspar phenocrysts reveal no 
systematic variation in Na20 or K20. Significantly, the 
negative linear covariance of Sr with Si02 for the granitic 
rocks .(figure 5.3g) also does not support the addition of 
~a20 to the~e rocks. 
Following the classi 'cation scheme of Chappell & 
White (1974), the Kennack anites have variable 
ch~racteristics. High Al203£ lkali contents, all > 1.1, 
indicate their peraluminous nature and suggest an s-type 
protolith. In contra~t, normative corundum values have a 
mean< 1%,-and Na20 contents are generally> 3.2%, both 
suggesting an I-type source. 
. . 
A plot of alkalinity ratio (A) versus Si02 after Wright 
(1969) empha~izes the highly alkaline nature of the Kennack 
granites (figure 6.4). 
All of these points express the complex chemical 
nature of the granites, and indicate that they do not 
readily fit into any particular classification scheme. 
Petrogenesis of the Granites: 
Although chemical evidence generally supports a 
mixing origin, a number of crucially important elements i n 
the granitic system, namely Y, Nb (possibly U and Th) and 
it 
. 
-~ 
N 
0 
(/) 
8 0 
0 ~0 ocP 
7 0 o(Sl 0 0 
CALC-ALKALINE ALKALINE PERALKALI NE 
0 
6 0 
0 
50 
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A ALKALINITY ·r NDEX 
Figure 6.4: A plot of Si02 versus alkalinity index (A) for the 
Kennack granites (Wright, 1969). 
A = Al 2o3 + CaO + alkalies 
Al203 + CaO - alkalies 
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/ 
the REE, do not exhibit linear element-element trends 
indicative of a mixing model. The strong support for a 
mixing model is unequivocal, therefore an explanation for 
the aberrapt behavior of these elements must be found by 
another means . 
. Figure 6.5A supplies a possible s~lution to this 
problematic behavior, since Y shows extreme fractionation 
in the granit·ic rocks relative to only a minor change in 
Si02 (previously mentioned in· section 5.5.2). This 
indicates that the variation of this element and possibly 
the REE, Nb, Th and U, has been controlled by crystal-
chemical effects, involving a REE and HFSE bearing phase or 
phases. Certainly from the REE behavior alone, some 
important conclusions may be reached. For instance, if the 
trends in Y and Nb are truly representative of a 
fractionation process prior to mixing, then the behavior of 
these elements will tell us something about the phases 
involved in this event. In particular, control is well 
. 
documented by comparing REE patterns for two samples within 
a respective fractionation sequence such as trend 3 in 
figure 6.5A. REE patterns for samples L7-59 and L7-40 a re 
shown in figure 6.6A. According to the plot of Y versus 
Si02 (figure 6.5A), L7-59 should be significantly 
fractionated relative to L7-40. The REE pattern of L7-59 is 
~ 6.3X depleted in the LREE and~ 3.5X enriched in the HP.E~ 
relative to sample L7-40. The MREE are al~io signifi<.;antly 
. . 
Figure 6. 5: Graphs of Y versus Si02 for the Kennack 
granit~s . showing the hypothetical possibilities : A) a 
partial melting trend (#1) and three fractionation trends 
( #2, 3 and 4), · late mixing may then have produced the 
inter .fractionation trends scatter; B) an· alternative one 
fractionation trend ( #5) and subsequent_mixing lines . 
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figure 6. 6; Chondri te normalized rare earth element 
diagrams showing the variation in patterns for samples 
within the same fractionation series: A) samples L 7-59 
and L7-4 0: B) samples L7-52, L7-3A and L7-78. Refer to 
figure 6. 5 for the relative positions of these samples 
within their respective fractionation trend. 
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depleted in L7-59 relative to L7-40. Interestingly, the · 
f ' 
ratio of Eu/Eu• does not change. These points all suggest 
that REE and HFSE bearing phases have affected the 
fractionation of these elements, particularly with respect 
to the samples falling on trend 3, and possibly trends 2 
and 4 of figure 6.5A. Since the LREE and MREE have been 
depleted more than the HREE have been enriched., a LREE 
bearing _accessory phase such as monazite or allanite must 
have been present in the residue (Miller & MittleLehldt, 
1982). The enrichment of the HREE in 17-59 must be 
explained in some other .manner. 
Examination of the REE pattern of sample L7-52 as 
compared to that of L7-78 (figure 6.6B), indicates that in 
trend 2 (figure 6.5A), the LREE of the melt changes very 
little .as the amount of fractionation increases. In the 
same intervat, the HREE abundances change by a factor of up 
to 5X. This implies that the fractionation of a LREE 
bearing phase by itself is not responsible for the 
fractionation trends 2, 3, and 4 as seen in figure 6.5A. 
One suggestion which may resolve the apparent 
enrichment of the HREE is that the fractionati~n trends are 
the result of mixing source inherited zircon with the 
primary granitic melts. Abundant xenocrystic zircon might 
effectively'- swamp the HREE, Y and possibly Nb content of a 
melt already depleted in these elements. Petrographic 
evidence supporting this proposal is the preponderance of 
\ 
• 
zircon grains ~in sample L7-59. In tigure 6.5A, the mixing 
-of xenocrystic zircon may be represented by the ~teep 
I 
~ 
trends labelled 2, 3 and 4, which have been superimposed on 
pre-existing fractionation trenas produced through 
fractional crystallization ot a LREE bearing phase, such as 
monazite or allanite. A simple alternative explanation is 
-- that Y, N~ and t~e HREE were highly incompatible during the 
late high~ilica fractionation event while the LREE were 
weakly compatible. This again suggests that a LREE bearing 
phase must have been in the residue. 
It is important to realize that these two dimensional 
diagrams are being used to represent complex processes 
which may not be explained in any simple way. Careftil 
examinatibn of the variation trends in figure 6.5A, may 
result in an alternative interpretation of the data. Figure 
.. 6.58 shows this alternative interpretation, where strong Y, 
Nb and HREE fractionation has only occurred in the h~ghest 
silica end members. The samples which fall to the left of 
/ 
that trend are the result of mixing of these rocks with the 
mafic fraction of the Kennack gneiss. Again, the production 
of the steep fractionation trend #5, · must be explained 
through the mechanisms descr~bed above. · 
Since these rocks have a complex p~trogenetic history, 
the interpretation of their mechanism of origin and 
delineation .of a suitable parental material is difficult. 
'\ . 
\ 
Certainly great caution must be employed when using trace 
.J 
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element discrimination diagrams to interpret a 
paleotectonic setting for these rocks, or when ~ttempting 
to model the various petrogenetic processes. However, 
suitable samples may be selected if one has an 
understanding ~f the effects of these processes. 
If the strong fractionation of Y and HREE is 
attributed to events after the initial formation of the 
granites, then the parental granitic magmas, derived 
through partial melting, probably had low abundances of the 
trace element_s Y, Nb and the HREE as shown by sample L?-78. 
The concentrations of these-elements only slightly 
increased during a significant increase in the degree of 
partial melting (shown by a decrease in Si02 along trend #1 · 
~ in figure 6.5A). This might indicate that the source 
material for the granites contained a mineral phase, 
possibly garnet or zircon, . which has large K0 's for these 
elem~nts. Alternatively, these elements may have already 
1 
been strongly depleted in the source prior to the partial 
melting event. Examination of figure 6.7, reveals a.number 
of important points, particularly the overall depleted 
nature of the Kennack granites relative to continental 
crust (Taylor & McClennan, 1981). Also important is the 
pres_ence of negative Eu, Ba and Sr anomalies of 
significantly large magnitudes implying the presence of 
plagioclase in the source. These points suggest a crustal 
?ource, - intermediate in composition which contained the 
w 
1-
a: 
0 
FIELD DEFINED BY 4 UNCONTAMINATED 
KENNACK GRANITES 
z 1 
0 
J: 
(.) 
-
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Cs Ba Th Ta Ce Nd Zr Eu Gd Dy Er Lu 
Rb K Nb La Sr Hf Sm Ti Tb Y Yb 
Fi gure 6.7: An extended rare earth element plot showing a field 
defined by 4 samples of Kennack granite. All values 
are normalized to continental crust values from 
Taylor and McClennan (1981). Samples which have been 
plotted are L7-3A, L7-42, L7-52 and L7-78. 
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phases plagioclase, alkali feldspar and probably ~artz, 
well as accessory phases such as garnet andjor zircon. 
6.1.2-Discussion of the Mafic Fractions 
· .. 
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as 
The petrochemistry as well as textural data for these 
rocks indicate a basaltic magmatic character. These rocks 
will henceforth be referred to as the "Kennack basalts". 
The most conspicuous feature of the Kennack basalts is 
their highly variable field, petrographic and chemical 
nature~ This variable nature may lead to some dif(iculties 
in interpreting the petrogenesis and paleotectonic setting 
of these rocks, particularly if the HFSE abundances were 
influenced by crustal inheritance of accessory minerals. 
~Characterizing the Kennack Basalt 
Classification of these rocks is hampered by their 
metamorphic nature. The absence of original mineralogy 
precludes the classification of these rocks in a normal 
modal fashion. CIPW norms for the Kennack Basalts are both 
nepheline and quartz normative. Since nepheline and quartz 
normative basalts cannot be related through any low 
.. 
.,.....- pressure mechanism of fractionation (Cox, Bell and 
Pankhurst, 1979), this suggests that; l) the mafic 
fractions define two distinct groups; 2) they are not 
related through low pressure fractionation or 3) effects of 
alteration and metamorphism preclude the use of normative 
I 
classification schemes. Since all analyzed samples of the 
Kennack basalts are che~ically similar, the third (and 
possibly the second) suggestion is favored. 
Petroge~esis of the Kennack Basalt 
Petrogenetic diagrams used by Pearce and Norry (1979) 
and Pearce (1982) are most suitable for interpretation of 
- the Kennack basalt, however, caution must again be 
emphasized. Figures 6.8A, B and C reveal a number of 
important points with respect to the evolution of the 
Kennack basalts. Figure 6.8A is a plot of log Ti02 versus 
Zr for the Kenna~k basalts. The samples define a coherent 
positive slope trend, having a vector corresponding to the 
crystallization of a combination of olivine, clinopyroxene 
and plagioclase (Pearce and Norry, 1979). This supports all 
previous suggestions on the probable liquidu·s phases during 
crystallization. Figure 6.8B, a plot of log Cr versus log 
'i, is useful for qualitatively determining the degree of 
partial melting required in generation of the parent~l 
Kennack Basalt magma. Starting with a primitive mantle 
composition (PM), a trend for various degrees of partial 
melting of a plagioclase lherzolite source is shown 
(Pearce, 1~82). The implications from this diagram is that 
the Kennack basalts were generated through 20-25\ melting 
of a plagioclase lherzolite source. A plot of log Cr versus 
log ce;sr is also shown to emphasize the role of olivine; 
Figure 6. 8: Petrogenetic diagrams for the Kennack basalts. 
After Pearce and Norry (1979). 
A) Log Ti02 versus Log Zr. Vector 1 represents 50% 
fractional crystallization of an olivine-clinopyroxene-
plagioclase assemblage while vector 2 also includes 
magnetite. 
B) Log Cr versus Log Y 
C) Log Cr versus Log Ce/Sr. The dashed line (pmt) 
represents a partial melting trend. The so 1 id line 
labelled (m) represents fractional crystallization of 
an assemblage of olivine, clinopyroxene and spinel. The 
solid 1 ine labelled (m+p) embodies the change in vector 
brought about by the addition of plagioclase to the 
crystallizing assemblage. 
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clinopyroxene and particularly plagioclase during 
0 
differentiation of the primary magma of the Kennack 
basalts. Significantly, this diaqrarn also shows the 
presence of a subduction zone influence in the chemistry o f 
the Kennack basalts, where the initial partial melting 
trend, shown by the vertical broken line, originates tr.?m a 
vector corresponding to mantle enriched above a subduction 
zon~ (figure 6.8C). 
A number of important features of these rocks are 
indicated in figure 6.9, where . the element abundances in 
the Kennack basalts have been normalized to primitive 
mantle . abundances. All 5 samples define a ~ell constrained 
field, hav1ng significant negative Ba anomalies and small 
positive Zr and Hf anomalies. These five basalts are 
compared to t~~-u ophiolitic dykes. The dykes ,have overall 
lower elem~nt abundances and mo~t sighificantly have much 
lower Th, Rb and LREE contents. Negative Nb anomalies are 
present, but are variable in magnitude. These anomalies 
typify arc related magmatism and as a result, their origin 
~ 
has been hotly debated. Usually, the presence of these 
anomalies has been attributed to crustal contamination , or 
to the retention of the Nb and HFSE in the mantle source 
region by a stable Nb bearing phase. The presence o f s ma ll 
but significant positive Zr and Hf anomalies s ugges t s t ha t 
in this case, the former is .the more favorable of the t wo 
.,. 
hypotheses. It is significant that both of th~se proposAls 
-
I 
.. Figure 6. 9: · An extended rare earth element diagram for 
five samples of Kennack basalt (L7-ll, 22, 24 I 46 and 76). 
All values ate nornalized to· primitive mantl~ values 
compiled from the literature. Note the well constrained 
fi~ld defined by these samples and their inte:J;"nally 
consistent behaviour. Also significant is the large 
negative Nb anomaly and. "the small positive anomalies 
exhibited by Hf and Zr. The Kennack basalts are compared 
to a field defined ,by. two ophiolitic dykes of groups 2 and 
3, L7-12C and 19A respectively. It ·is reaQ.ily apparent 
that the dykes have overall lower abundances of the 
elements, in particular, lower Th, Rb and LREE contents. 
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are typically associated with volcanic arc environments. 
In order. to look more closely at a tectonic setting 
. 
for these basaltic rocks, we can limit the effects of the 
proposed contamination by onl)l examining the least 
contaminated and least evolved samples. Samples least 
affected by contamination or differentiation will have 
lower HFSE and REE contents, and possibly lower Si02 
contents and higher MgO contents. 
6. 1. 3 Tectonic Environment of Formation 
Considering that the mafic dnd granitic magmas are now 
intimately related, then their parental magmas may have 
or ig ina.ted from a common heat source. However, a common 
heat source does not necessarily imply that the source 
materials were proximal to one another during generation of 
these two magmas. This suggests that the magmatism 
resulting in the Kennack Gneiss involved mantle derived 
melts and also required eventual interaction of those melts 
.) 
with sialic crustal m~ts. Comparative analysis of the 
chemistry of the two magmas helps provide constraints on 
the tectonic environment of generation of these rock 
suites. 
The Kennack Granite 
Using those granites which have undergone the least 
amount of fractional crystallization (eg. L7-78), a number 
260 
of tJ:"ace element discrimination diagrams ~rom Pearce et. 
al. ( 1984) may help to determine the tectonic setting for 
generation of these rocks. 
A sample of unfractionated Kennack Granite, L7-78, is 
plotted on a trace element r.pider diagram after Pearqe et~ 
al. (1984) and the resulting pattern is comp~red to a range 
of patterns for end-me~er varieties of volcanic arc 
granites (VAG) as well as type examples of ocean ridge 
granites (ORG) and within plate granites (WPG) (figure 
6.10). The pattern for sample _L7-78 has an overall negative 
slope and has element abundances compa~ible with derivation 
within a volcanic arc setting. This pattern contrasts 
significantly with ORG, which have an initial positive 
slope and have HFSE contents near unity. Within plate 
granites typically have a negative slope, however they are 
characterized by much higher elemental abundances, usually 
greater than unity. Granites classified as syn and post-
collisional (COLG) have similar element abundances, and are 
not significantly different from volcanic arc granit~s. 
This makes the distincti~ between VAG and COLG difficult . 
Pearce et. al. (1984)\distinguish between VAG and COLG 
using plots of ~s log Yb and log Rb vs log Y+Nb. 
Unfortunately, Ta analyses are believed to have been 
contaminated during pulverization. of the samples in a 
tungste; carbide bowl and therefore cannot be utilized in 
this study. The mol:;)ility of Rb, 9,uring metamorphism and 
• 
Figure 6.10: A spider-diagram after Pearce et al. (1984). 
This diagram shows a sample of le~st fractionated Kennack 
granite (L7-78) as compared to; a field defined by two VAG 
(stippled field) ; a representative WPG (solid dots); as 
well as a · field defined by two ORG (diagonal ruling). 
All data except that for L7-78 have been ta-ken from 
Pearce et al. ( 1984) . The upper line defining the VAG 
field is a · Chilean granitoid while the lower line is a • 
sa~ple of granite from Oman. The upper line defining the · 
ORG field is a granitoid obtained from an . anomalous 
segment of the Mid-Atlantic ridge, while the lower line 
is a sample of trondhjemite fr~m the Troodos ophiolite. 
The sample of WPG is from the Oslo Rift, Norway. 
All measured abundances have been normalized to a 
hypothetical ocean ridge granite as determined by Pearce 
et al. (1984). __ 
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Fi gure 6.11: Tectonic discrimination diagrams for all samples of 
Kennack granite. After Pearce et al. {1984). 
A) log Nb versus log Y 
B) log Rb versus log Nb + Y 
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alteration might result in a scatter of data points. 
However, when log Rb is plotted against log Y· + Nb, the 
Kennack granites define a coherent grouping which falls in 
the VAG field on figure 6.11B. Figures 6.11A and B in~icate 
that the Kennack granites have Rb, Y and Nb contents 
typical of VAG. All samples plot well within the VAG field 
and thus the late stage fractionation of Nb and Y has 
little effect on where the Kennack granites plot on these 
diagrams. 
The Kennack Basalt: 
, 
Major element discrimi~ation diagrams for the Kennack 
basalts, as compared to the Landewednack schists, reveal 
some important distinctions between the two rock types. A 
plot of FeOrfMgO vs Si02 shows the depletion of feOT in the 
Kennack ba~alts relative to the Landewednack schists 
(figure 6.12A). This indicates a calc-alkaline, rather than 
a tholeiitic nature for the Kennack basalts (Miyashiro, 
1974). This suggestion is corroborated by a triangular plot 
of FeOt-MgO-Alkalies, as proposed by Irvine & Barager 
(1971), where the ho~blende schist~ sho~ a tholeiitic Fe01 
enrichment trend unlike the calk-alkaline trend shown by 
the Kennack basalts (~igure 6.128). 
The use of trace element discrimination diagrams on 
crustally contaminated basalt~c rocks r~quires caution, a s 
the concentrations of those elements considered immobile 
48 
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Figure 6.12: Major element discrimination diagrams contrasting the 
Kennack basalts and the Landewednack hornblende schists. 
A) FeO /MgO versus SiO (Miyashiro, 1974) 
B) alkAlies-FeOT-MgO t Irvine & Barager, 1971) 
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may be greatly altered. ~ontaminated samples will plot on a 
vector towards those elements introduced during the 
contamination event, and may also define scattered fields 
) 
when they would generally be expected\ to define coherent 
data clusters. In this manner, a knowledge of the probable 
effects of the contamination can help determine the 
direction. and possibly the magnitude of shift inflicted by 
the contamination. 
Trace element discrimination plo~s of Pearce & Cann 
(1973) and Meschede (1986) are utilized to show the 
contrasting trace element contents .of the Kennack basalts 
and the hornblende schists. Figures 6.13A, Band C show the 
Ocean Floor Basalt (OFB) character of the hornblende 
schists · in comparison to the calc-alkaline basaltic nature 
(CAB) of the Kennack basalts. on these diagrams, the 
Kennack basalts plot in ·coherent groups and show little 
scatter towards Zr enrichment as might be expected if they 
had undergone crustal contamination. Only in figure 6.13A 
can we see significant scatter towards the Zr apex of the 
triangular plot where a number of samples fall outside the 
delineated CAB field on a vector joining the coherent group 
and the Zr apex. The displacement o! these samples towards 
the Zr apex may reflect zircon inheritance. 
; 
figure 6.13: Trace element discrimination diagrams 
contrasting the Kennack basalts and the Landewednack 
hornblende schists. ·symbols as in figures 6 .12A and B. 
A) Zr-Ti/100-Y*3 (After Pearce and Cann, 1973) 
B) Zr-Ti/100-Sr/2 (After Pearce and Cann, 1973) 
C) Zrj4-Nb*2-Y (After Meschede, 1986) 
~ . -- --. 
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6.2 Origin of the other rocks and their relationship to the 
Kennack Gneiss 
6.2.1 The Man of war Gneiss · 
It has been suggested that the Man of War Gneiss was 
derived either through a·high degree of .partial melting of 
an amphibolitic basaltic parent or through fractional 
crystallization of dominantly hornblende and plagiOclase in' 
the proportions 1:2. It is also quite possible that both of 
these processes have acted together. Significantly, the two 
possible fractionation mechanisms suggest a volcanic arc 
influence in . derivation of these rocks. This is 
substanyated by an extended trace element plot of a sample 
• <~ 
of MO~gneiss (L7-B1) compared to fields for VAB, MORB and 
WPB (Pearce, 1982) (figure 6.14). The Man of War Gneiss is 
not strictly basaltic in composition, so a direct 
application of this diagram is used only to emphasize the 
points of ~strong negative Nb anomaly and less significant 
negative anomalies in Zr and Ti, as well as the high Th 
contents of these rocks relative to typical MORB. 
6.2.2 The Pegmatitic Gabbro 
The origin of the peqmatitic gabbro is more diffieult 
.. 
to interpret, because these rocks exhibit plagioc4ase 
. I 
accumulation and their chelllistry will not be renect:ive o f 
. ... 
a liquid composition. In order to determine. a liqurd 
composition it would be necess~~ to have a much more in 
' 
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Figure 6.14: An extended trace element plot for Man of War Gneiss 
sample L?-81 compared to three fields representing 
volcanic arc basalts (VAB), within plate basalts (WPB) 
and mid-ocean ridge basalts (MORB). All data is from 
Pearce (1982) and all values are normalized to the 
MORB of Pearce (1982). 
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depth knowledge of the proportit;ms of phases and . the amount 
('-; . 
of intercumulus liquid present. Information .such as this. 
would be difficult to obtain due to the highly deformed . 
. [.' 
nature of. these rocks. 
Perhaps most significant, is the' observqtion that 
these pegmatitic gabbros are not chemically or texturally 
the same ·as either the layered•' gabbroic rocks present 
within the basal hornblende schists, or the variants of the 
Crousa Gabbro (Kirby, 1979-a). REE patterns for a number .of 
varj,_ants of the Crousa Gabbro are' presented in Kirby 
( 1979a) and these are typified by LREE depleted patterns 
similar to sample L7-10, a layered gabbroic rock taken from 
the basal hornblende schist. These contrast with the flat 
to LREE enriched patterns of the pegmatitiq gabbro. 
6.2.3 The Basaltic dykes 
Although four groups· of dykes may be distinguished on .. 
- . ·c; 
the basis of field, petrographic and chemical 
tl 
characteristics, the four varieties may be ·-broadly cl ci"ssed 
as MORB-like or LREE enriched, ~ale-alkaline variP.ties 
related to the Kennack basalts. 
The origin of the _two varieties of basaltic magma and 
ultimately the characteristics of their respective sources 
has been investigated through the use of the Nd-Sm isotopic 
system by Davies ( 1984) • Davies ( 1984) recognized the two 
• basal tic magma types, describing an early LREE enrichfid 
.,. . 
': 
-. 
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suite and a later MORB-like suite. Significantly, qis field 
evidence supporting the relative ages of the dyke sui tes is 
inconclusive and presumptive. On this· basis, a new 
interpretat1on of the Nd-Sm isotopic data is off erred. 
Davies (1984) presents evidence which suggests that 
the Lizard plagioclase and pargasite peridotites are the 
product of the introduction of a "LREE enriched metasomatic 
tluid or melt" into the spinel peridotites. The precision 
of the Nd-Sm system can only resolve time periods of 200rna, 
. . 
and the isotopic evidence suggests that the metasomatic 
fluid was introduced shortly k>efore formation of the Lizard 
complex (Davies, 1984). Significantly, the metasomatized 
. . 
' peridotite of bavies (1984) has lower ENd arid much higher 
eSr values than the spinel peridotites. In this respect, it 
plots well to the right of the · mantle array·and suggests 
the introduction of a fluid/melt with abundant radiogenic 
Sr but was depleted in radiogenic Nd (figure '6 .15). The 
po~sible origin of such a fluid or melt might be linked to 
a subduction zone influence, such as ·dehydration of a · 
descending oceanic slab. 
The MORB-like suite of basaltic magma may still be 
interpreted as having resulted from large degrees of• 
melting of the Lizard spinel peridotites, while the LREE 
enriched basal tic rocks represent melts of the plag i ocla s e 
and pargasite per.idotites. The important · difference in the 
A 
current interpretatio~ is the timing of generation of the 
j 
• • 
Figure 6.15: A plot of ~Nd versus €Sr for samples~f mantle 
material from the Lizard complex. Of particular significance 
is the enrichment of radiogenic · strontium and the 
corresponding depletion of radiogenic Nd in the plagioclase 
lherzoli tes and pargasite hartzburgites. Taken from Davies 
(1984). 
A = clinopyroxene from spinel peridotite. 
B = pargasite amphibole from a pargasite hartzburgite. 
C = plagioclase lherzolite. 
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two sui~es. According to the evidence gathered to date, it 
is more probable that the MORB-like basaltic activity 
occurred' prio~ to the LREE enriched basaltic acti~ity, 
,. 
6.3 I~l~cations · for bhe Tectonic History of SW England. 
The p'resence of intrusive rocks beneath : ~nd within the~ 
LizaLd ophiolite provide an i~portant addition to a model 
• 
·for the evolution of the Hercynian orogen in the British 
1 
Isles. 
. . 
The presence of ~ingled basaltic and granitic magmas 
· (Kennack Gneiss) at the base o~ the Lizard complex is 
difficult to tnterpret, particularly as their chemistry has 
.· 
been affected by a number of petrogenetic processes. Only 
after unravelling the effects of these processes, i~ 
. . 
becomes clear tha~ the granitic rocks. have a calc-alkaline 
.. to alkaline• affinity, ___ and_generally have _ l~- tr.ac.e.. ancL REE---"'- - • 
abundances suggest.j.ve of a volcanic arc environment: 
~ -· ' 
s 'imilar rock types found intruding the Semail ophiolite of 
'/• 
oman are presumed to have been derived throu-gh partial - · • 
c 
melt~ng _ of _ upper continental c~ during ~mplacernent of 
. . 
the ophiolite onto the Arabian continent~! margin (Lipp~rd 
• • 
et al., 1986) . It is important to note that the tracfe 
- . . ~ . . 
-element abundandrs of the Oman granitic rock~ are 
. . ( ... 
significa~tly dif~erent fro~those o{ the Kennack granites. 
Chemical evidence presente~(here for the Man of War Gneiss 
' 
also suggests derivation of these rocks proximal to a 
.-
• 
Q -
.. 
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volcan-ic.,.arc. · 
The origin and setting of generation of the basalti:c 
e. rocks is less clear, however, evidence suggests either 
• interaction with continental crust~· .. andjor derivation in a 
' Q 
setting proximql to a volcanic arc. All of these po.ints 
suggest a subduction zone .influence can be seen in the 
' chemistry of the Kennack Gneiss. 
.. 
~Summary 
Field relationships between the. individual FOmponents of 
the Kennack Gneiss and between the Kennack Gneiss· and the 
other rock types on the Lizard suggest the following: 
. 1) The Kennack Gneiss ' is intrusive into the Lizard 
. i 
. peridotit:e and is generally the youngest suite present, 
~xcluding some late mafic dykes. ' '\ ' 
- - 2)- ;The- ·g:fieiss is -a- ·suite. of mingled and mixed mafic and • 
granitic magmas which have been metamorphosed to upper 
amphibolite facies. The int'rusion .of. these bodies , is 
- . 
apparently strongly controlled by·previously existing 
·faults, including both thrusts and dip-slip faults. 
' 3) The primary igneous relationships become .-/ 
. . I 
progressively difficult . to dist"~n~tsh a~ one' m~ves down 
.. 2:3<.~ . . . . . - . . ' • 
sect ion towards the base of the peridotite. ·'l'his- --i~ due 
to . tectOnic and metamorphi~ overprinting related to. a . ' 
strong strain gradien~ near the .peridotite basal thrust. 
,} 
4) The granitic and mafic components of the gneiss are 
' ) ,. , -•. .. . . ' 
,r-
. l 
-
• 
t 
' ' 
variable in appearance and texture,. resulting from 
dynamic interaction of all ·Of the points mentioned 
above. 
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These observations are suppoi:ted ' both petrographically and 
chemically. Interpretation of the chemistry r~vea\s the 
following points pertinent to. the petrogenesis of ~he end 
members of the Kennack _Gneiss: 
' .. 
5) The major and c9mpatible trace element chemistry of 
the feaic fraction has been dominated by the late 
mixing event suggested from field relationships. This is 
exemplified by moderately consistent linear covariation 
of these elements with a suitable fractionation index 
such as S i02 • 
6) Pri~~ to the mixing event, t~e granitic rnelt(s) 
underwent crystal fractionation. This is shown by the-
highly incompatible behaviour and resul_ting extreme 
~ 
enrichment of Y, Nb, the HREE and .possibly. Th and u, 
while only .minor changes in major element chemistry 
I 
occurred. A concornittent decrease in LREE contents with 
,,,....., 
increas1ng Y, Nb and HREE suggests the influence of a 
LREE bearing phase such as monaz,ite . or a·llanite. 
7) Initial ge~e~ation of the granitic rocks occurred 
through partial melting of a garnet or zircon bearing 
_........,. . 
crustal source of intermediate composition. The fteat 
source for this melting event may -also have ultima,tely 
been responsible for generation of the parental magma to 
}. 
/ 
I.}-. ,.  
.  
•• 
2Y9 
the Kennelck b~a~ts. However,· n"o' conclusive ge~¥emfcal 
, .
evidence is available\to ·link .the t~o Kennack magmas 
. . 
prior to the late mixing event beneath the overriding 
Lizard ophiolite,. 
8) 'l'he ma·fic fraction of the Kent]ack Gneiss appears to 
. 
· have chemical characte'ristics of a calc-alkaline basalt . 
It was derived through 20-25% partial melting of a then 
recently LREE enriched mantle source, possibly 
represented ~by the plagioclase and pargasite peridotites 
which constitut~ a significant portion of the Lizard 
peridot~te. 
9) The Kennack basalts underwent fractional 
I 
crystallization of olivine, clinopyroxene and most 
significantly plagioclase prior to mixing with the 
• Kennack granites. 
10) PondTng"of the Kennack pasalt in a magma chamber 
' beneath and infront of the advancing Li~rd ophiolite 
was rapidly followed by injection of the Kennack granite 
., 
into the basaltic chamber. The Kennack granite was then , 
. . ~ 
abl~ to mix and mingle with the Kennack basalt as both 
" 
were .intruded en masse, along active fault zones, into 
<"' 
the Lizard peridotite. Where mingling occur~ed, but 
mixing coul~ not, continued movement along these faults 
resulted in production of the well banded structure 
presently observed. 
All of these points havlPsigniticant implications for 
I 
; . 
' 
·.~ 
• 
.I 
.. 
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' 
'the tectonic evolution of S -. W. England during the Devonia-n; 
11) A metc!'somatic enrichment ot mantle· peridotites 
comp~sing a· significant portion of the Lizard complex P 
occ~rred sometime prior tQ formation of the ophiolite 
(Davies, 1984). The precision 'of·the Nd-Sm isotopic 
' 
system ~uggests that the enrichment occurred <200ma 
. . . 
before the Lizard complex was formed. The metasomatic 
fluids or melts resul~ing in the mantle· enrichment are 
proposed to ~ave origina~ed .through dehydration of a 
desce~ding oceanic &lab in a subduction zone 
environment. 
12) Two chemically distinct varieties of peridotite 
(depleted and ""enriched) . may be related to two chemically 
distinct generations of basaltic magma, an early MORB-
• \ I • 
like suite and a late LREE enriched suite respectively. 
The te~poral relationship betwe~n the two ~uite~ of 
basalti~ magma is opposite to t?at ~reposed by Davies 
(1984) . . The .later LREE enriched suite is represented ~y 
the matic'fraction of the Kennack Gneiss. ( 
13) The calc-alkaline character of the Kennack basalt 
and its intimate spatial association with the alkaline 
to calc-alkaline Kennack granite sup~ort the proposal 
that these rocks were generated in ~ settihg proximal to 
a volcanic arc.. A ~robable calc-alkaline character for 
the dioritic Man of ~ar Gneiss corroborates this 
conclusion. 
• 
' 
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APPENDIX 1: Mineral Chemistry 
Al..J. Introduction, 
The analysis of coexisting minerals is supplementary 
to the main body of this thesis. A number of samples of 
pe.litic schist (OLHS) and hornblende schist were collectltd 
for geothermometry in order to determine pressures arid 
temperatures of emplacement of the Lizard peridotite onto 
these schists. Additionally, amphiboles from the hornblende 
schists were analyzed to determine if a prograde 
metamorphic gradient could be delineated adjacent to the 
basal thrust contact between the serpentinite and 
hornblende schists. 
The mineralogy of the hornblende schists is r~tricted 
and only permits the .use of plagioclase-amphibole 
geothermobarometers. This study has made use of the semi-
quantitative geoth~rmobarom~ter, Ca plagioclase-LAl 
hornblende, as described by Plyusnina (1982). Results from 
~ 
this geothermometer are combined with the Fe-Mg exchange 
(biotite-garnet) thermometer of Ferry and Spear (1978) on 
pelitic assemblages, so that pressure (P) and temperature 
(T) e~timates can be made. 
All cation proportions and other ,parameters used in 
this study, including the biotite-garnet .metamorphic 
tempetature were calculated using a Memorial University 
basic computer program developed by Or. F. Mengel. 
' .. 
-
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Tables of all the mineral analyses are presented in 
. 
appendix 2h, and the analyses and analytical precision for 
.the international standard ACPX (Kakanui augite) are given 
in appe?dix 5. For a review of the analytical facilities 
and methods used, re.fer to appendix 4. 
~ Amphibole-Plagioclase Geothermobarometry 
Major element analyses were obtained for coexisting 
amphibole and plagioclase grains from 4 samples of 
hornblende schist - ~hich were least affected by alteration . 
.'/ 
Several analyses were obtained for each of the samples, and 
a mean was then calculated. These mean values were then 
used to determine a unique P and T of me.tamorphism for eacl:l 
-
of the samples. Also included are several analyses on 
amphiboles 1only, from 2 samples of hornblende schist in 
\ 
which plagioclase has been completely saussuritized. Sihce 
all of these samples were obt~ined from fault bounded 
~ 
blocks along the southeast coast of the Lizard, the exact 
stratigraphic ·and tectonic positions are po~rly known. 
However, by combining petrographic descriptions and field 
relationships, the relative positions of the samples can be 
inferred, particularly as ' the position of some of the 
samples relative to the basal thrust is known. For 
instance, samples L?-10 and L?-38 were both obtained from 
outcrops 10-15 m below the basal thrust contact. The 
remaining samples were taken from sections distal to the 
\ 
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thrust, and their relative positions in the stratigraphy 
are difficult to ascertain. Regardles~of this, it can be 
assumed that samples L7~10 and L7-38 should qive higher 
temperatures and possibly lo~er metamo~hic pressur~s than 
' th~ remaining ·sample·s. 
Al.2.1 Plagioclase compositions 
Rim and core analyses of plagioclase grains indicate 
that there is no significant intracrystal zonation and that 
' no significant variation in grain chemistry occurs 
throughout each sample (appendix 2h). As a result, all 
I 
mineralog~cally acceptable analyses were used in 
compilation of an average plagioclase composition for each 
sample. Plagioclases from 4 samples df hornblende schist 
<( 
all .aall in the range An2,-An40 and most contain < 2% 
.. ~ 
,, 
orthoclase (figure Al.l). Anorthite content of the 
plagioclases appears to decrease with increasing distance 
from the basal thrust. 
Al.2.2 Amphibole com~ositions 
Analyzed amphiboles show no systematic zdnation from 
core to rim (appendix 2h). They are calci~ .amphiboles and 
plot as magnesia-hornblende according to the crystal 
chemistry classification scheme of Leake (1S7B). The 
amphibo~es contain significant quantities of Ti02 , possibly 
indicating a low pressure environment- of formation (Hynes, 
~ . 
An~0 
or · Or 
A 
• ~ 
.AA .A 
30 
Figure Al.l: Triangular plot of An-Ab-Or for analyses of plagioclase grains from five 
samples of Lizard hornblende schist. 
Symbols: + L7-10 ~ L7-17 
X L7-63 
M + L7-67 
o L7-38 
An4o 
N 
1.0 
()) 
' 
.. > 
1982). This suggestion may be corroborated ~y aeplot of 
Alv1 vs Si, as suggested by Raase. (1974), for a number of 
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amphiboles from metamorphic terrains of kl:'own pressure . 1 In 
figure A1.2, hornblende analyses from the hornblende 
schists of the Lizard plot well below the 5 kbar line, 
consistent with a relatively low pressure of formation. 
A1.2. 3 Amphibole chemistry: its relation~hip to changing T 
& p 
It is well .known that the assemblagd of amphibole + 
plagioclase is widespread throughout medium and lower grade r 
meta-basites. It has often been proposed that there may be 
some systematic variation in chemistry of these phases with 
' 
changing metamorphic conditions. Until recently how~ver, 
.. 
the progress of this posstble geothermob_arometer has been 
inhibited by a number of factors. It is well known, for . ' 
example, that both amphibole and plagioclase solid-
solutions are strongly non-ideal. Some of the pioneering 
work has been done by Laird & Albee (1981) -,on a sequence of 
int-ercalated pelitic and hornblende schists ·from Vermont. 
" This was considered an ideal situation, as the assemblages ) . 
in the pelitic schists could be used to provide good 
comparative control for development of an amphibole-
plagioclase geothermobarometer. One of the more rele~ant· 
observations to come out of the study of Laird & Albee 
-(1981) is that an increase in metamorphic grade can be 
( 
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equated with col inear change of a number 6 f parameters. 
These linear relationships are shown on a number of plots 
such as Alv1 , Ti, and K (formula proportion) vs Al 1v, but 
perhaps the most versatile of thes• plots is lOONajCa+Na vs 
lOOAl/Al+Si, as these parameters are independent of the 
normalization method of the data (Laird ' Albee, 1981) • "'A 
, 
similar plot for the amphiboles in samples of Lizard 
hornblende schist is presented in figure Al.J. It is 
readily apparent that there is a genekally linear 
relationship between the two parameters, a?d that the 
amphiboles plot a~ groups according to the sample from 
which they were obtained. A significant observation is that 
amphiboles from sample L7-10, a schist obtained from only 
'( 
metres below the basal thrust, are actinolitic, having low 
NajNa+Ca and low Al/Al+Si ratios. This obvious deviation 
\ . 
may be a result. of the depleted torhole rock chemistry of 
sample L7-10, rs it is a deformed layered gabbro, or it may 
reflect low temperature re-equilibration of the amphiboles 
within the basal thrust zone. 
Although it is still exper'mental, the field of 
amphibole-plagioclase geothermo rometry is rapidly 
expanding. Plyusnina ( 1982) has developed an experimental , 
:3emi-quantitative geothermobarometer which has been used in 
ttlis study~and the results a!"e presented in the following 
section. 
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Figure A1.3: Graph of 100Na/Na+Ca versus 100Al/Al+Si after Laird & Albee (1981) for amphibole 
analyses from five samples of Lizard hornblende schist. The line is a reference 
line (m=1) believed to correlate with increasing metamorphic grade. Analyses 
from sample L7-10 plot with the lowest values, possibly indicating amphibole 
re-equilibration at a lower temperature and pressure. Symbols as in figure A1.1. w 
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Al.2.4 ·Geothermometry and Geobarometry 
The graphical geo~hermobarometer developed by 
P~uysnina ( 1982) utilizes the parameters CaPlaa and EA1Hb1 as 
0 
the ordinate and . abscissa respectively. When these 
parameters a~lotted on figure A1.4, the mean values for 
each rock sample' define a P-T array, apparently 
corresponding to their vertical position beneath the 
ophiolite. The sample taken from nearest the basal thrust 
contact, L7-38, plots a~ ~he highest temperature but ~ith 
the lowest pressure. Cgnversely, sample 17-63, obtained'\ 
from a fault bounded block north of Cadqwith, pt:ts with 
the lowest temperature but the highest pressure. This may 
indicate the existence of an · inverse metamorphic gradient 
benea·~ the Lizard ophiolite, where maximum temperatures · 
attaineq at 10 m below the thrust contact ~ere on the order 
' ~ 
of S69 • ± 15 ·c. At this location, pressures were found to 
be quite low, on the order of 2. 1 ± 1 kbar. 
' 
Al.2.5 Conclusions 
Amphibole chemistry, combined with amphibole-
plagioclase geothermometry, suggrsts that the hornblende 
schists directl.Y beneath the Lizar~ peridotit·e exhibit an 
' inverse metamorphic gradient, where the schists closest to 
I ~ \ 
the contact have higher temperatures but1 lower pressures of 
metamorphism than rocks found stratigraphically below them; 
1) 
The schists directly~low t~e peridotite have been 
\ 
. ' 
<!) 
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Fi gure A1.4: Values for the parameters CaPlag versus AlHRB are 
plotted on the semi-quantitative geothermobarometer 
of Plyusnina (1982). See text for the discussion. 
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metamorphosed at a maximum temperatuJ e of 584"~ and maximum 
pressure of 3.1 kbar. · "l 
~ Garnet Biotite Fe-Mg ex~hange ~othermometry 
Analyses of coexisting garnet ana: 'biotite grains have 
bee~ obtained from 1 sample of garnetiferous-muscovite-
biotite schist (L7-16) described in chapter 3, section 
3.3.2. A sample of hornblende schist (L7-17) was obtained 
'· 
from an outcrop only metres away fro~ this pelite, so the 
temperatures obtained from these ~wo samples should id~~lly 
I be in close agreement. This will provide a reasonable 
estimate of the temperatures attained in the thrust pile 
beneath the Lizard ophiolite. 
Al.3.1 The geothermometer: systematics and limitations 
The garnet biotite geothermometer is based en the 
univariant reaction: 
Fe•2 (garnet) + Mg (biotite) "" Mg (garnet) + re•2 (biotite) 
., -
' 
Experimental studies (Ferry & Spear, 1978) have shown 
that the equilibrium constant (Ko) for this reaction is 
strongly•dependent upon temperature and much less ~ependent 
... ) 
on the.pressure at which equilibration occurred. The Ko is 
'" re~dily calculated using ·the partitioning of Fe•2 and Mq 
..,. . . 
between garnet and qiotite, which is in ~ilibrium. The Mg 
. 
and Fe•2 proportions are calculated on either a wt. t or 
( atomic cation basis and then FeO• is corrected to Fe'' on 
--\ , 
I 
• 
.. 
l_ 
the basis of 12 oxygens in the formula garnet and ~4 
/ 
~ 
oxygens in the formula biotite. The K0 is then calculated 
hsing the formula: 
r 
~' = (Mg/Fe)garnet 1 (Mg/Fe)biotite 
Results of the ~ were then substituted along with 
geologically appropriate pressures into the equation: 
'I 
( 1) 
·12,454 - 4.662T + 0.057P + 3RTlnK = 0 (2) 
where T= temperature in Kelvin, ~ pressure in bars, 
R= 1.987 cal/K/mol and K= Ko for the reaction, 
Ferry & Spear (1978) make a number of important' 
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suggestions with respect to the use of this geothermometer. 
Among their suggestions, the· following are most pertinent 
to this study. • 
l) The thermometer may be useful without correction for 
cation substitution in ·garnet in the interval; 
0._2 > (Ca + Mn)/(Ca + Mg + Fe + Mn) > 0 
and w~thout correction in biotite in . the interval; 
0.15 > (Alv1 + Ti)/(Alv1 + Ti + Mg +Fe) > 0. . 
£) The temperature obtained should be,accurate to within 
± so•c based on experimental error, but the error may be 
increased by the presence of significant amounts of 
grossular or spessartine end members in garnet. 
The significance 9f the Ca and Mn solid-solution on the 
calil;>ration of tl;le geothermometer has recently come under 
more scrutiny. Pigage & 'Greenwood (1982) in particular have 
'shown that positive correction factors must be applied to 
' 
the temperature generated by the Ferry & Spear (1978) 
calibr~tion if the ca and Mn c~ent of the garnet 'is 
\ . 
higher than the proposed value. The cor~ection factor of 
" 
, 
J 
,, 
I ~ ~ 
Pigage & Greenwood (1982) can be applied by using the 
/ 
following equation adapted from Ganguly {1979): 
. ~ 
'J! = 1586XCa + 1308XMn + 2089 + 0. 00956P ( 3) 
(. 78198 - lnK) 
where P s pressure (bars), T = temperature (Kelvin) 
XMn and XCa = mole traction Spessartine and Grossular 
respectively 1 
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Ganguly and Saxena (1984) also present a calibration 
for the solid solution of Mn and ca in garnet which 
involves callbration of the Margules parameter for -the 
binary substitution of Ca and Mn into the Mg-Fe system. The 
result is the equation in the form: 
lnK(P,T) ~ [ ?089.- 01.8Wrll-l3/R + 9.45P ] * -0.782 {4) 
T 
where -P; pressure (kbar) T =temperature (Kelvin) 
~ R .. 1. 987 cal/K/mol . 
The term wF~ is an a9proximation of the Margules parameter 
. ·' 
for Fe-Mg mixing, as obtained from a graph presented in 
Ganguly and Saxena (1984). 
A1.3.2 Biotite compositions 
Biotite grain~ in the sample are sometimes mantled by 
green chlorite, probably a result of retrograde 
metamorphism. Some of the analyses obtained had low wt% 
totals (appendix 2h) and as a result, the metamorphic 
temperature should be interpreted with caution. 
In total 10 analyses were obtained, an4 examination of 
these indicates minor internal variation in the biotite 
' 
'· 
• 
· AI . 
Fe 
f 
Figure Al.S: Triangular plot of Al-Fe-Mg for biotite analyses 
from pelite sample L7-16. Note the restricted field defined 
by the biotit~ analyses. 
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Mg 
• 
chemistry. A plot of the end-member compositions (figure 
A1.5) reveals that these biotites are dominated by 
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relatively high aluminum contents and plot nearer · the line 
joining the biotite group end members siderophyllite and 
eastonite. The small field defined by these analyses 
indicates the homogeneity of the biotite grains. 
A1.3.3 Garnet compositions 
A total of 13 garnet analyses (core, body and rim) 
were obtained from sample L7-16 (appendix 2h) ·. Examination 
of these analyses reveals t~t the garnets are chemically 
. homogeneous, and they conta~n a high concentration of Mn 
and Fe. Calculation of cation proportions indicates that 
the garnets belong to the Almandine-Spessartine sub group, 
I 
containing only small amounts of the grossular and pyrope 
components. This indicates that correction of the final 
temp~rature for Mn and ca substitution may be required. 
A1.3.4 Geothermometry; Procedure 
Mole fractions of Mg, Fe, 'ca an~ Mn end ·members of an 
average garnet composition were calculated and normalized 
· to a formula of 12 oxygens. The parameters required for 
' J 
bi~tite analyses, particularly the mol ' ca~ions were also 
cal~ulated ~nd Fe01 was recalculated to FeO and Fez03 • The 
disti·ibution coefficient w\s then calculated using equation 
1 given above. 
• 
... 
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., 
~: (0.410/1.794) 1 (1.210/1.132) : 0.214 
This was -followed by calculation of the parameters 
suggested in Ferry & Spear (1978) to represent limits on 
the applicability of the geothermometer. The results are as 
follows: 
Garnet (Ca + Mn)/ (Ca + Mn + ~g + Fe) = 0.287 
and . 
Biotite (Alv1 + Ti)/ (Alv1 + Ti + Mg + Fe) = 0.273 
Both of these values are above the suggested upper 
.... 
limit and thus wbere possible, corrections for these non 
iQealities should be applied. This is readily done for 
garnet, however little is yet known abput the effects of 
. -
Alv1 and Ti on the Fe-Mg equilibrium in biot~te, and 
I 
therefore correction for this is not yet available. Ganguly 
& Saxena (1984) suggest that increasing Tl and Alv1 
substitution in biotite will result in upward correction of 
the calculated temperature. 
As the phases are not ideal for the Ferry & Spear 
(1978) calibration, ~emperature estimates were obtained 
using all three calibrations outlined in section A1.3.1 
(equations 2, J and 4). ·For · each calculation, geologically 
reasonable pressures · were substituted into the equations 
-
and a cortesponding temperature was obtained. These results 
are listed below: 
.... I 
' 
\ 
P(kl:iars) 
2 
4 
6 
T1 Ferry 
T2 Ferry 
(1982) i 
T3 Ferry 
(1984) 
& 
& 
& 
T1·c 
635 
643 
651 
T2"C 
796 
804 
812 
T3·c 
625 
633 
641 
Spear ( 1978) 
Spear with corrections of 
Spear with corrections of 
A1.3.5 GeothermometrY; conclusions 
. ' 
Pigage & Green.wood 
Ganguly & Saxena 
As ophiolites are g~nerally less than 15 km in 
thickness, (Spray, 1984) the three pressures given above 
should encompass the entire expected range (assuming 
P=lithostatic load pressure only). The temperatures sho~ 
only a minor internal variation wi:th increasi~g pressure, 
however, the isobaric temperature obtained throug14 t.he 
different calibrations varies significantly. Perhaps the 
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most noticeable feature is ~ large difference in 
temperatures obtained by methods Tl and T3 as compared with 
T2. It certainly seems apparent that the temperatures 
obtained through the calibration of Pigage * Greenwood 
·1:Jo 
(1982) are much higher than would be expected. This is 
apparent'because at•a pressure :of 4 kbar and temperature of 
804~C, rnuscovLte is no longer stable and K-feldspar would 
be the expected potassium bearing phase to dominate the 
assemblage. The unigue point defined by this P and T ~ould 
·, 
I , . • ' . 
1 also fall well to the r1ght of the H20 saturated g~anitic 
\ 
mini~urn melt boundary, suggesting extensive melt~ng would 
have occurred (Figure A1.6). The temperatures calculated 
1 
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.0 
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Fi gure A1.6: Temperature-Pressure diagram after Mueller and Saxena 
(1977) showing the range of values for P-T estimates of Lizard 
hornblende schists (diagonally ruled lines) and pelite sample L7-16 
(near vertical ruled lines). Stability fields for the aluminosilicates, 
muscovite stability curve (curve #1) and the H20 saturated minimum 
mel t curve (curve #2) are all taken from Mueller and Saxena (1977). 
Note that curve #1 is metastable to the right of curve #2. The point 
(804 , 4) represents the T-P coordinates for sample L7-16 at 4 kbar 
pressu re according to the corrections of Pigage and Greenwood (1982). 
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according to the methods of Ferry & Spear (1978) and 
Ganguly & Saxena (1984) are in good agreement and are 
within error. Both of these sets of temperatures are also 
more compatible with the mineral assemblage in the sample 
and they plot below the minimum water saturated melt curve. 
A1.4 Implications of mineral chemistry 
The results of the amphibole-plagioclase 
geothermobarometry, combined with the variation in 
amphibole chemistry, indicate that the hornblende schists 
b eneath the Lizard ophiolite were metamorphosed at low 
pressure, less than 5 kbar and probably in the order of 1-3 
kbar pressure. 
The results of the amphibole-plagioclase and biotite-
garnet geothermometry are more ambiguous. This is due to 
conflicting temperatures obtained by the two methods on the 
samples L7-17 & L7-16, which are of differing composition 
but were obtained from the same locality. The reason for 
t his difference is unclear, however a number of factors may 
have influenced the calculated temperatures, particularly 
with respect to the biotite-garnet geothermometer. For 
instance, the retrograde chloritization of the biotite may 
have disturbed the reaction equilibrium and as a result, 
the calculated temperatures may be incorrect and are 
therefore invalid. 
Whatever the limitations, the semi-quantitative and 
.. , 
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quanti~ative evidence presented here generally agrees with 
the qualitative suggestions of the past. Tilley (1937) 
described the presence of high temperature metamorphic 
assemblages such as sillimanite-kyanite intergrowths, 
staurolite and almandine garnet. The presence of kyanite-
sillimanite intergrowths suggests temperatures in excess of 
sso·c and particularly that the P-T path intersected the 
univariant line defining the transition from kyanite to 
\ 
sillimanite. such high pressures however, are not 
compatible with the findings of this study. This emphasizes 
the need for more research on. this aspect at Lizard 
) 
geology. A comprehensive, detailed struct4ral and 
metamorphic analysis of the hornblende and -mica schists 
must .be undertaken before any positively conclusive result 
may be reached. 
The results of this study suggest that the 
temperatures attained in the schists directly .below the 
basal thrust were on the order of 550-600 • c, with 
corresponding pressures in the range of l-3 kbar. If this 
is the case, then temperatures may not have been high 
enough to result in anatexis of the underlying micaceous 
. < 
schi~ts as hypothesized by previous workers. The apparent 
presence of ·an inverted .T gradient within . ·the sub-
peridotite schists indicates that metamorphism and 
deformation were enhanced in the uppermost se~tions of the 
bas·al unit due to heat contributed from the hot peridotite. 
) 
I 
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Thus it is suggested that the iasal unit was termed during 
initial displacement of the peridotite from the oceanic 
environment and that si-gnificant cooling had occurred prior 
to final emplacement of the complex during Hercynian 
orogenesis. This corroborates the su.ggestion of Barnes . & 
Andrews (1984) supporting a cold, final emplacement of the 
Lizard complex. 
( 
.. , 
~14 
( 
APPENDIX 2 
Tables of whole rock and mineral analyses. All oxides are 
given in wt. % and all trace elements are in ppm. Values 
shown as zero {0) indicate that the element ~as not 
detected. 
For the mineral analyses: 
X = statistical mean 
s = one standard deviation 
N = sample population 
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lPPIIDII 2a: 
Trace and ill cbeaistry of the lennact Granites 
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------------------------------------------------------------------------I ltV 7),,. U.ll n.u 52.11 51.11 17.71 54.41 !102 1.15 1.21 1.56 l.t5 l.Zt 1.14 I.U lUOl U.tt U.71 u.u lUI lUI l.tl • 4.54 
rtO• 1.41 ,,u ,,u t.U u.u 2.15 5.21 
... 1.15 1.11 .... 1.22 1.26 1.11 l.lJ 
190 I.U l.U 2.17 Ut 3.31 
'·" 
ll.U ~0 1.74 1.24 1.24 l. 71 t.U 1.11 7.Zf hlO ' f.U l.2J 1.14 ., l.ll . f.Z5 1.11 1.11 120 Z.J, l.7l 5.11 2.a l.Z! 1.15 I.IC Pl05 1.17 1.17 1.11 l.ll .... 1.11 .... 
I.Ol 1.36 l.ll t.n . l.U 2.51 2.53 15.12 
------------------------------------------------------------------------htil n.t7 u.u ,..5t ,,35 ,., .. U.ll UI.U 
------------------------------------------------------------------------
I~ 125 m 165 n lJ 12 J Jr ,. 7' 54 213 25, t 34 
' ~t - -1l Zl 17 u 21 l 11 32 117 ltl U2 132 4 u n 25 25 u 11 u 4 l 
'•(;. u 25 24 25 25 11 u \,. 11 57 14 
" 
., 25 113 
I IJ 25 u 51 5' lSl 9ll II 3Zl 119 IU 515 m 1 
' 
u 114 lU m 111 55 51 Cr 2 5' u 153 m l'U 1451 L1 2t.U ll.ll 
k ,,,. 27.71 
Cs 5.15 z.u 
If 1.17 1.2' tl I.SZ 1.11 
Pb u.n U.ZI 
• n 3.47 u.u . 
I 1.11 1.21 
w l.tt U.!6 
Ce 19.15 u.u 
Pr 1.U 9.45 
.. ,,, l~.IS 
•• 1.53 7.15 
'&a l.lt 1.12 
" 
1.n 5.23 
ft 1.21 1.1, 
., 1., •• ,2 
•• 
l.tl I.H 
It 1.27 z.n \.~ 
" 
1.21 1.35 
" 
1.n 2.U 
Ll I.ZZ 1.31 
.. , 
.. 
' 
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lPPIIIII 21: 
llectrn a1aoprtM aulptt tf ilf~lkle gnlat. 
hlflt L7-U .. 
---------------------------------------------------------------
el 1 1 l 4 .5 
----------------------------.. ·------------------
1102 u.s. 52.16 ' 52.94 St." 51.1& 52.54 
!102 t.U 
'·" 
1.5' 
'·" 
1.47 t.n 
lUOl 7.25 7.51 Ut 1. 71 7.51 1.24 
reo 11.25 11.!2 lUI 11.U. 11.U 11.11 
... 1.21 1.21 1.21 t.Zl 1.15 1.21 
1!0 ts.n 11.11 15.79 15.3' 15.67 15.51 
CiO 12.11 11.11 lUI 11.11 11.11 u.n 
1120 1.26 1.21 ... , t.n 1.15 1.21 
uo 
•••• 1.11 1.11 1.11 1.11 1.11 cr t.ts 1.15 .... 1.15 1.15 t.n 
11 •• 13 I.U t.n .... 1.11 1.15 
---------------------------------------------------------------!ttd 
"·" 
111.55 
"·" 
,.,12 ,,51 ut.n 
---------------------------------------------------------------
---------------------------------------------------------------
..... 
el 1 
' ' 
1 I I ___________________________________________ ..._ ________________ 
1102 Sl.tl 51.U sz.n Sl. 7J 1.12 ,.. 
!102 t.U 1.15 t.lt 1.51 1.11 
'·" ll20J 
'·" 
7.11 7.U 7.U 1.21 Ut 
reO ll.lt U.tl 11.11 11.11 1.33 
"'' 
"'' 
•~u I.U t.U I.Zt I.U Ut 
1!0 lS.U 15.JZ 15.11 15.71 1.23 Ul 
. Cit • u.u 11.11 11.17 u.u 1.22 Ul 
1120 1.21 1.31 1.11 1.15 1.14 Ut 
120 1.8! 1.11 1.11 
'·" 
1.12 Ut 
cr .... .... 1.15 t.tt 1.12 Ul 
II t.Ot 1.11 I.IS I.U 1.12 
'·" 
·--------------------------------------------------------------fttd tt.U tt.31 ,,11 u.s, 
'·" 
Ul 
-------------------------------------------------------------·· 
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lilfle L.l-ll 
' 
·--------------------------------------------------------------
t1 •1 2 ] 4 5 
' 
. . 
--~-----------------------------------------------..---------1112 t,.n U.lt 45., 46.U 45.51 u.n ~ 
!102 1.11 1.12 l.ll 1.21 1.11 1." 
ll20l l.ll 1.23 1.21 7.1S ,,]1 I.Zl 
reo 11.21 ll." u.u 14.Z1 u.u 17.2, 
... 
... 1.]1 1.33 1.25 t.n 1.27 I.U 
Ito 12.11 1%.11 u." 13.51 lUI u.u ~ 
C:.t 11.51 -11.52 11.31 11.U u.u 11.ll l 
' 1120 l.U 1.12 1.64 l.U 1.51 1.ll 
uo 1.12 
'·" 
1.13 l.tt 1.11 I.U 
cr 1.11 1.12 1.14 us 1.11 1.12 
ll 1.11 1.11 l.lt .... I.U 1.11 
---------------------------------------------------------------
fttll ,,21' 
"·" 
n.u "·11 
"·" "·" 
---------------------------------------------------------------
---------------------------------------------------------------------------------
el 1 I 
' 
11 11 I s I 
-------------------------------------------------------------------------·-------
~ 
1112 16.U 45.24 n.tt 46.15 45.11 46.11 I.S, 11.11 
1102 1.14 1." 1.12 l.U 1.36 1.13 1.15 11.11 llZOl 1.91 1.51 1.35 t.ll t.ZI l.fZ 1.31 ll.H 
rtO 15.41 U.ll U.Jt 17.21 11.21 U.tl 1.12 11.11 
ht e.n 1.25 I.Jl I.JI I.SS 1.31 1.1] ll.tl 
... u.n 11.51 ll.U 12.21 u.u 12.21 1.55 11.11 
Cit 11.11 11.51 11.n 11.15 11.61 11.21 I.U U.tl 
lilO l.IS 1.14 l.U 1.51 l.U l.U 1.15 11.11 
120 . 1.11 1.11 1.11 1.19 1.11 1.11 1.11' u.e1 
Cr t.U 1.13 1.13 .... 1.13 1.13 1.11 11.11 
ll t.az t.n 1.11 .... 
'·" 
1.12 t.n 11.11 
---------------------------------------------------------------------------------foul n.u n.u 
"·" 
,.,u n.u 
"·" '·" 
11.11 
---------------------------------------------------------------------------------
( 
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hlplt u-n 
---------------------------------------------------------------------------------
tl 1 z l I s 
' 
-.7 I 
----.---------·------------------------------------------------------------------1102 46.61 ts.n 15.55 45.U 45.16 n.u 11.51 ts.ll 
!102 I.S, 1.51 I.U t.n Ul .1.n t.U I.U 
lUOJ I.K 1.53 7.U 1.11 1.75 1.15 I.U I.U 
reo n.n lt.U n.n .... U.Sl 11.55 U.ll 11.36 n.n 
110 t.lS . l.ll l.tt 1.15 • 1.25 1.35 t.U t.n 
"' · 
11.11 11.11 lt.IS u.u lt.ll li.U lt.U u.u 
c.o 11.75 11.35 11.15 11.17 u.u U.l& 11.11 U.Sl 
h20 1.2, l.U 1.51 1.31 1.31 1.25 1.26 1.14 
lZO 1.31 l.st I.IS I.Sl 1.11 1.35 I.Zl I.IJ 
Cr l.lt . l.tl I.U .... I.H 1.11 1.11 .... 
11 ... ). 1.13 l.tf 1.11 l.ll 1.15 I.U 1.11 
--------,------------------------------------------------------------------------
teul n.n n.n 
"·" 
"·n n.n n.u n.~• n.11 
------------------------------------------------------------------------.--------
~------------;-------i·---~---ii _______ ii _______ i;-----;--------;--------;----
~----------------------------------------------------------~~--------------------1102 .,,,1 11.3' f7.31 .,,,. .,.II .,.ss 1.11 13.18 
!102 l.lt l.t5 1.51 1.51 1.51 1.51 1.15 13.11 
lUOl Ut 7.14 1.41 l.tt UZ 1.11 1.35 13.11 
ret 17.!5-- u.n n." 11.11 n.n u.u t.u u.tt 
lit t.ZL l.ll 1.35 1.34 l.ll t.U 1.11 U.ll 
-.o lt.n u.n u.u 11.n u.u 11.12 1.11 u.u 
c.• 11.21 u.n u.n u.u ll.Sl u.u t.u 13.11 
1120 1.15 1.15 1.21 1.l! 1.27 l.ll '·" u.u 
Ul I.St I.U t.U I.U I.U I.U 1.11 13.11 
Cl 1.12 1.13 I.U 1.12 1.11 1.11 1.11 U.U 
11 t.lt t.U 1.11 •. U 1.14 t.tt I.U ll.ll 
tetll , ,,5 n.!l "·" n.n tt.n !J.n 1.5! u.tt 
\ 
-
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au,1e Ll-n 
--------·---------------------------------------------------------------d 1 2 4 5 
' 
1 
------------------------------------------·------------------------.----1102 n.u tUl n.u n.u U.31 u.u u.n 
!102 ,,,. Ul •• 72 I. if · I.U , 1." 1.17 
11213 Ul 1.71 .... 7." .... 
'·" 
,1.11 
reO u.u U.lJ 15.1t U.Ji 16.34 1tiS' U.ll 
... 1.31 1.35 l.lt I.JS t.n 1.32 1.31 
I ~ 11.52 12.21 11.15 11.,. 11.11 ll.U 12.16 
/ ClO 11.59 ll.tt u.u 11.49 u.n 11.21 11.15 
J 1120 l.U 1.22 l.U 1.37 1.14 1.51 t.n 
120 1.11 t.U 1.21 t.U I.U 1.13 1.17 
er I.U Ul 1.11 1.11 1.11 1.11 l.tl 
11 1.11 U7 1.11 1.11 1.11 I.U .... _________________________________________________ _.__. __________________ 
reul tl.ot 91.11 "·21 
"·" 
"·45 "·u 97.14 
------------------------------------------------------------------------
" 
----------------------------·----------------------------------
tl • ' ' 11 I s I 
---------------------------------------------------------------
.1112 U.tl tt.Sl ".37 tl.U Ul lt.tl 
!102 I.U 1.53- l.tl t.n 1.31 11.11 
lUOl l.ll .Ul 1.72 7.17 l.tt lt.ll 
reO u.n 15.15 n.n J'.n 1.51 11.11 
1110 I.JZ e.u 1.n I.U 1.11 lUI 
1.0 u.u 13.11 11.71 11." I.U 11.11 
CiO 11.21 11." 11.,1 11.11 1.27 11.11 
hlO l.U 1.11 1.46 l.tt 1.12 11.81 
no 1.21 I.U 1.21 I.U t.U 11.11 
CI I.U 1.11 I.U 1.11 1.11 lUI 
11 1.11 .... t.U I.IZ I.U lt.ll 
---------------------------------------------------------------fttd n.Jt tl.tl U.ll ,,u 
'·" 
lt.U 
---------------------------------------------------------------
/ 33S 
. ..._.. ___________________________________________________________________________________________ _ 
tl 1 2 l 4 s 
' 
7 I I I ·~· 
---------------------------------------------------------------------------------------------------
~, 1102 n.u U.lt 47.51 41.54 41.22 u.u u.n 41.24 t.U 1.11 
TlOl l.tl 1.15 I.U l.U 1.11 
'·" '·" '·" 
1.15 T.tl 
1120) 
'·" 
T.U l.lS .... a.u .1.12 I.U a.n t.lS l.tl 
reO U.ll 15.Jl 15.5, 15.24 15.41 15.53 15.45 15.55 t.ll 1.11 
... t.n 
'·" 
1.12 I.ZS 1.21 e.n 1.11 : 1.25 .... 1.11 
190 U.lt u.u u.u u.n lUI u.u 12.71 u.n t.ll 7.11 ~~ u;u 11.54 li.U J1.1S u.,s 11.79 11.25 lt.tt t.lt 1.11 I dO 1.U 1.34 1.15 1.52 1.54 : l.U 1.51 l.U t.U 7.11 120 . l.ll . l.zt l.lt I.Z, 1.n I.U t.Je e;z, 1.11 l.tl Ct l.tl t.lt I.U 1.12 1.12 e.n .... 1.14 I.IJ 7.11 11 l.tl 1.14 l.ll 1.12 .... .... 1.11 1.11 1.11 l.lt 
---------------------------------------------------------------------------------------------------'· retil ,,,Jt ,.,u n.u !I.U 91.U 
"·" 
,., .. ,.,,5 t.ss 7.11 _, I 
---------------------------------------------------------------------------------------------------
.. 
• 
" '\ 
• l 
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ltPIUJJll: 
llectrtt •lcrtprt~ llilrses of pl19loelise 9I1!11. 
hlflt Ll-li 
-------------------------------------------------------------------·---·---------------------------tl ,1 t , 4 5 
' 
1 I I I 
---------------------------------------------------------------------------------------------------1112 SMI 
"·" 
St.tt n.n u.u U.l7 U.l5 U.tt 1." 
'·" !102 .... 1.14 l.tt l.tt I.U t.ll t.tl 1.11 ' t.U 7.11 
lUOl lUI 24.13 zs.n 2Ut . 24.5, 25.53 25.17 2S.lt 1.4S l.tt 
, .. 1.11 1.13 t.U 1.25 1.14 ~~~ l.tt 1.14 1." 1.tt· 
110 1.11 1.12 1.14 1.11 l.tl 1.11 l.tl t.ll 1.11 1.11 
-.o 1.11 . l.tt l.tt I.U l.tl l.tt 1.12 t.tl 1." 7.11 
~ .... 1.41 1.41 1.12.., 7.55 J.n 7." 7.1, 1.32 1.11 
11120 7.51 ,_, 1. 71 1.J5 l.tl 7.15 7.U 7.51 l.l2 7.11 
Ill 1.12 .... 1.11 1.31 1.14 l.tt 1.25 ... , 1.12 J.tl 
cr .... l.tt 1.15 .UI l.tl l.tt .... 1.11 t.n l.tt 
ll .... l.tt l.tl 1.11 l.tl l.tt I.U I.U 1.13 l.tt 
-------------------------·-------------------------------------------------------------------------Ttu1 UI.U 111.13 ·111.34 111.21 111.55 111.75 UUt 111.11 l.tt 7.11 
-----------------------------------------------------------------------------------------------·---
suple u-n (\ 
---------------------------------------------------------------------------------------------
tl 1 z 5 
' 
l I 
' 
I 
---------------------------------------------------------------------------------------------------1101 u.u 
"· 71 U.l2 61.14 U.JZ u.zs U.S& u.n l.tt Ut !101 .... 1.12 .... 1.12 1.11 t.U Ul e.n t.ll l.U 
lUll n.n 23.11 22.11 22.54 u.st 23.2' 1l.ZS u.n t.n 7.11 
r.o .... I.U 1.19 I.U 1.12 1.11 I.U 1.11 l.tl 7.tt 
Ill Ul 1.12 l.ll e.n t.tl 1.11 1.14 U2 Ul 7.11 
... I.U 1.12 l.tt l.tl 1.11 l.tt t.tl Ul 1.11 7.11 
~~ s.u ,.Sl 5.12 ,,35 s.u s.n s.n 5.1' 1.41 7.tt 
IIZO .... l.ll 1.11 1.32 e.n 1.52 1.32 1.51 1.25 7.11 
121 l.lf 1.17 l.t7 1.13 1.16 .... us us 1.11 7.11 
Cr .... 1.11 1.12 l.tl 1.11 l.tl .... 1.11 Ul :7.11 
II 1.81 1.15 l.tt .... 1.11 I.U 1.11 U1 1.11 1.11 
----------------------------------~---------------------------------------------------------------fttd lti.H ,.,15 111.71 ,..,, ,,U -, ... 111.21 ,,55 t.73 7.81 
---------------------------------------------------------------------------------------------------, 
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luplt U-11 
-------------------------------------------------------------~----------------------------
tl 1 2 ) • s ' 
I I I 
------------------------------------------------------------------------------------------llOZ U~S7 u.u u.u u.n 
"·" 
~·.n 
"·" 
I.U 
'·'' !IOZ 1.14 1.12 t.U 1.13 I.U l.tZ l.lt 1.14 Ul 
' 
11203 u.u U.52 2t.U Zt.14 n.u U.lt U.l6 1.23 
"'' reO 1.11 1.11 1.11 1.15 t.ll 1.36 1:n 1.11 6.11 
... 1.11 l.tl .... 1.16 1.11 t.ll 1.n t.n 6.11 
"' 
.... .... t.U .... Ul .... t.tl l.tJ 
'·" C:.t ,,54 ,,n . 7.15 5.15 6.42 
'·" 
,,u 1.22 Ut
1120 I.H a.u 7.14 l.tl J.SZ 
'·" 
1.11 1.31 
"" 120 1.11 1.19 I.U t.lS 1.57 1.15 t.U 1.16 6.11 Cr l.tt l.'tt l.il 1.11 .... t.tz l.tl t.tl 
"" 11 us I.U t.tl ·~ .. .... .... t.n e.n '·" 
----------------------------------------------------------------------------------------·-
retll 
"·" 
,.,71 ,,56 ,,51 ,,u 
"·" 
n.u t.l, 
'·" 
------------------------------·-----------------------------------------------------------
·, 
litple ,,_n 
·:'.l 
----------------~ --------------------------------------·-----------------------------------
el 1 2 4 s 
' 
I • I 
--------------------------------------------------------------------------..--------------1112 ,2,77 62.31 n.u U.tt U.zt u.u 62.25 1.5, 
"'' !102 1.11 l.ll t.U .... I.IZ t.lt l.tl t.n 
'·" lUOJ u.u 23.U u.n tz.U u.u U.lt n., I.ZI 
'·" reO I.U tJS 1.1, I.U l.lt I.U I.Zt 1.14 
'·" bO t.tl t.ll 1.11 · I.U 1.11 1.13 I.U 1.12 
'·" If(! 1.12 1.11 t.tl l.tt l.tt l.ll 1.11 1.11 5.11 ,...__ 
CiO s.sz 5.14 5.21 s.u S.Sl ' s.u 5.41 I.U 5.11 
-
1120 1.!2 l.t5 1.11 t.U t.n . t.U 
'·" 
1.21 
"" 121 l.lt 1.17 ..... t.lt ... , 1.17 .... e.n ttl 
Cr l.tt 1.n t.U l.tt Ul I.H t.tl 1.11 
'·" ll t.l] t.ll 1.11 t.ts .... 1.14 1.12 . t.tZ 
"'' 
--------------------------------------------------------------------------------·---------
retll ltUl Ul.15 
"·" 
,,n U.lS UI.Jl Ut.U ... sz Ul 
--------·---------------------------------------------------------------------------------
\ 
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lfPIDII 11: 
llttltl •t~lpses frti .SIIfle L7·1'. 
. ------------------------------------------------------------------------
el l I c D I , c 
-., 
_______________________________________________ ._ _______________________ 
1102 n.n 36.14 3,.32 35.31 l,.u U.lf 35.51 
1102 2.11 2.14 2.U l.U l.U 1.11 l.t6 
11203 11.16 11.74 11.22 11.21 11.25 11.15 u.n 
reO 11.11 11.,5 11.71 11.55 11.11 n.n 17.72 
... I.U 1.24 1.25 1.21 1.17 I.U I.U 
ItO 11.!7 11.52 11.12 11.45 11.n 11.13 11.23 
Cit l.tl 1.12 1.11 I.U l.tt 1.11 1.11 I 1120 1.54 I.U 1.2t 1.11 1.31 I.U t.lt 
Ul 9.1) I.Sl 9.U 1.13 1.34 1.75 i.u 
cr 1.12 1.16 1.11 1.15 . 1.13 .... 1.15 
11. 1.11 1.11 I.U ... , 1.11 us . ...
-------·----------------------------------------------------------------TtUl 
"·" 
"·H 95.11 94." u.,2 U.Jl u.u 
------------------------------------------------------------------------
------------------------------------------------------------------------
d . I I J , . ' I I I 
··:- ----------------------------------------------------------------~------1102 U.71 3,.75 n.n 35.51 u.u t.n 11.11 
Tl02 l.U Lll 1.75 2.1! 1.15 t.U 11.11 
lUOJ 11.52 11." a.u 11.15 u.s, 1.21 U.tl 
rtO n.u 17.12 11.31 17.21 ll.tl 1.31 11.11 
Ia I 1.15 1.25. 1.2% 1.22 1.22 I.U 11.11 
... 11.71 11.11 11.75 11.52 11.71 1.41 U.lt 
c.o 1.01 .... .... 1.n 1.12 . ... U.tt 
k20 t.U t.U 1.52 1.25 1.41 I.U 11.11 
12t 1.55 
'-·" 
I.U 1.7S 1.55 t.U ll.tt 
Cr t.l7 e.n .... .... t.l3 1.12 ll.tt 
II .... l.lt l.tt l.tt 1.13 1.13 ll.tt 
----------------------------~----------------.--------------------------!Otll u.u u.n u.n · 94.n !5.15 I.U 11.11 
------------------------------------------------------------------------
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IPPIIIII 21: 
/ 
Gt111t llllflts fr•• lllple.,t-1,. 
-------------.-------------------------·-----------------------------------------d . l I c • I r G I . 
---------------------------------------------------------.-----------------------llOl U.lt ;1.14 31.45 31.11 ll." n.n n.n 31.15 !lOl I.U 1.11 1'.1t t.U 1.11 .... t.n t.U 
lUOl u.n 
"·" 
u.n u.u u.n u.u u." 11.21 
ftO lS.Sl u.s, n.u 25.!1 2i.2J 21." z,.s, 17.14 
... u.n .. 11.51 ll.tl ll.lt U.ll u.u .11.11 11.14 
••• 
).51 1.51 l.S2 3.55 us J.n l.U l.ll 
CIO l.U l.Zl l.U 1.21 l.JJ l.l2 l.ll l.lt 
hZO •. u I.U . e.n 1.15 1.1~ · l.tt . 1.17 I.U 
1:20 1.11 1.11' 1.11 1.11 1.11' Ul 1.11 I.H 
CI 1.11 ~ 1.13 1.11 1.13 I.U .... I.U .... 
ll 1.01 1.15 .... . ... l.lt 1.14 I.H 1.14 
---------------------------------------------------------------------------------fthl 111.11 ,,u UI.U · u.n 
"· 75 tn·.u "·" 
,,17 
---------------------------------------------------------------------------------
---------------------------------------------------------------------------------
tl I I 
' 
I I s I 
---------------------------------------------------------------------------------1101 35.17 ),,,l lt.l2 3,.54 37.41 lUI ,l.ll ll.M 
rtoz I.U .... 1.15 1.11 1.11 .... 1.15 U.ll 
1120) 1!.57 19.57 lUI 21.25 u., u.u 1.21 U.tl 
reo 21.55 21.51 24.11 n.n U.Z4 U.Sl 1.11 13.11 
110 ,,72 11.12 lUt 11.11 12.11 u.n l.U U.ll 
·~ l.SI 2.51 z.u ).45 3.17 l.U l.lt U.tl CiO l.ll l.U l.lS l.U 1.21 1.n 1.11 lUI 
1110 1.15 1.11 1.17 I.IZ 1.13 I.U t.U U.ll 
no .... .... 1.11 1.11 .... l.tl 1 1.11 lUI 
CI l.tl I.U Ul .... 1.13 l.tl 1.11 lJ.II 
ll 1.11 I.IS .... .... 1.11 1.13 1.14 11.11 
------------------~--------------------------------------------------------------
retd !1.79 ,,IS llt.Sl ,,25 111.15 t'-63 t.U lUI 
t,' 
---------------------------------------------------------------------------------
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IPPEIDU 3: 
CIPI nons for ne felsic rocks. 
------------------------------------- ... -____ .,. ________ -- --------------~-------------------- ... 
SlH L7-ll L1-T LHI L7-- 21 ~l-23 L 7-21 Ll-ll L 7-40 L1-42 .. 
----------------------.. ···------------------- .. ---------.. ........ ..... .. ----------------------------Qtz 31.34 31.10 2t.l7 31.63 U.14 24.11 lUI 2' .61 
or 37.10 lJ.n us 31.31 31.15 ll.U 2'-55 21.37 &2.11 
lb 27.57 31.11 B.U 31.22 12.51 27.25 2Ui · z,.u 15.4! 
iD 1.56 1." 1.2& 2: es 2.09 2.U us 3 ·" ' 1.13 c ~~n o.n 1.11 a .H ,1.07 2.19 1.61 3. 2t 
Dl I l.U I 
If us 1.35 us I . 42 2.01 4.11 us 3.10 1.14 
Il U2 1.04 0. 02 0.04 OJ9 1.14 0.53 O.Oi 
lea 0.32 t.S7 o.n 1.32 1.32 4.57 2.52 lp 1.12 0.12 0.19 o.os 0.14 o.n 0.15 0.21 0 •••• 
II 0.04 U7 0.10 1.03 o.u 0. 4S llg 1.57 •• 72 ; Tl 0.14 01 .. 
'· 2l - h 
.. ----------------------------· ---- ......... ----- ... ...... ·--------.. .... .. .. ---.... ------------------------
T H.47 !1.17 
" . 72 ". 2i 97.U 98.03 H.47 ".51 . H.24 
. ---------------------.-------------· .. ---- ... ----- ... --------· ...... ... ..... .. ..... ... ..... ........ ------..... -- .. -----
... --------------------...... ......... -------------------------------------------.--~-- ...... -----------
LHS L7-52 LH3 L7-5U L7-54B r L7-55 Ll-59 L7-11 . L1-74 
--·----- ____ ..;. ________________________ -----------------------------------------------------
Qtz 2UI JU' lU2 lt.,O l2.U 34.39 27 ,4, 32.11 28.34 
or 21.25 21.25 24.11 22.52 26.12 . 25 .17 . 26.41 29 . 55 23.11 
lb 33.15 JJ.n lUI u.ot 37 . 0& 35.11 u.n 30.72 36.41 
lll 4.17 3.17 U7 2.35 2.21 2.12 1.12 2.1! 5.51 
c l.H us e.u 0.37 U2 0. 31 o.u 0." Dl 8 ,5, 
ly 2.57 1. 70 a.ao 1.32 0. ,0 0 .lt 1.22 2.04 2.42 
ll 0.14 1.15 o.u •• 01 0.02 1.04 0.02 8.11 0.01 
lea 1.2! 1.15 8.55 0.33 o.u 1.45 
' '·" 
1. 54 
lp 0.21 us 0.07 1.15 1.82 0.02 t .07 O.H 
II 1.11 1.06 0.0, 0.07 0. 02 0.17 
'·" 
0.14 
R<J 
r1 
Ol 
------------------------------------------------------------------------------------------
' 
"·42 'uo ,,04 n.u n .u 
"·" 
97 .U ,.,71 91.&1 
-------------·-----....... -·-------------- .. ------- ... ... -----------·------------------------------
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·------------------·-------------------------------------------
~7-75 ~7-71 L 7· 79 LHO LHl LH2 
---------------------------------------------------------------Qh 26.]] 31.11 JG.2S 1i:u 9.0Q 24.25 
or 25.47 l2.U 29.25 7 . 0~ 5.15 7.U 
&b 34.27 21.52 JUT 21.15 27.42 H.4S '4' 
&I 7.25 2.35 Ul 21.n 3U5 22.44 
c o.n o.u O.ll us 
01 0.39 O.lt 
By 2.14 l.U U7 11.11 •• 54 5.10 
n 
'·" 
O.D4 1.16 Ul 0.47 0.35 
Bet l.U 0.14 1.13 a.u 5.13 
lp 0.21 0.12 1.09 0.72 1.11 0.56 
Ia 0.2S a .14 us 0.17 
., 2.54 
Tl l.Oi 
Ol 
• 
--------------------------------·------------------------------ \ 
~ T "·52 91.05 H.Ja ". 42 
'"'' 
".53 
---------- ---- ~ ---- ---------------------------------------- ----
.. 
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APPENDIX 4; Analytical Methods 
All rock samples we~e analysed at MemoriaL University 
of Newfoundland for major, trace and rare earth element 
(REE) content. Rock samples were pulverized to lOOmesh 
using a tungsten carbide teema swing mill and stored in 
clean, properly sealed plastic sample jars. Ali analytical 
techniques described below used various amounts of this 
stock sample powder . 
Analytical Methods for Major Elements 
The major oxide analyses were obtained on a Perkin 
Elmer 2380 Atomic Absorp~ion Spectrophotometer.' Samples to 
be analysed were initially prepared in the following 
manner. Exactly O.lOOOg of rock powder was weighed in a 
digestion flask. After addition of 5ml of concentrated HF, 
the sample bottle ~htly covered and placed on a steam 
bath for 30 minutes. It was removed from the heat, allowed 
to cool and then exactly 50ml of saturated Boric acid 
solution was added. The sample was heated when necessary 
until the solution cleared. Approximately 145ml of 
istilled water was added, solution was covered and then 
shaker. well. This solution was then used for all elements 
except ca and Mg. Standard solutions of the major element 
oxides excluding .silica were prepared using spec-pure 
chemicals from compounds which are ·readily soluble in HCl. 
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A standard silica solution was obtained by using spec-pure 
silica and following 'the method previously outlined for the 
sample solutions . From the standard stock solutions, blend 
standards were prepared by mixing the· stock solutions to 
produce appropriate mixtures. Blank solutions were prepared 
~y mi~ing 5ml of HF with 50ml of saturated Boric acid 
solution· and 145ml of distilled water. 
Analyses for. each of the elements in the standard 
blends, excluding Ca and Mg, were obtained using the known 
app~opriate settings. Each sample solution was bracketed 
between a higher and lower standard and actual sample 
analys~s were calculated using the following formula: . 
%ox=2 {% low,std. +(sm. abs. -lowstd. abs. * (\highstd. -%lowstd.)) 
highstd.abs.-lowstd . abs. 
For the oxides of Ca and Mg 5ml of sample solution ~as 
pipetted into a 50ml volumetric flask. Approximately lOml 
of lanthanum oxide solution was added and then each f _lask 
was topped off to the mark with distilled water. A series 
of standard solutions were treated similarly. Each sample 
and standard was stoppered, shaken well, and these 
solutions were then used for the determination of cao and 
MgO. 
This analytical method is used regularly at Memorial 
University and has been adapted from the following sources: 
'1 
Langymhyr, F., J. & Paus, P., E. 1968. Analysis of Silicate 
Rocks; Analytical Chemical Acta, vol 43, pages 397-408 . 
Abbey, s. 1968. Analysis of Rocks and Minerals by Atomic 
Absorption -Spectrometry; Geological Survey of Canada 
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Bulletin. 
Buckley, D., E. & Cranston, R., E. Atomic Absorption 
Analysis of 18 elements from a single decomposition of 
Alumina Silice; Marine Geology Atlantic Oceanographic 
Laboratory, Bedford Institute, Dartmouth, Nova Scotia. 
Analytical methods for Trace elements 
Trace element analyses for the elements Rb, Sr, Zr, Nb 
and Y were obtained by X-ray fluorescence spectrophotometry 
of pressed rock powder pellets on a Phillips p.w. 1450 XRF 
spectropho~ometer. Each pellet consisted of lO.Og ± O.lg of 
sample (100mesh) mixed with 1.4-1.5g of Bakelite Brand 
phenol formaldehyde resin 'powder. The sample and resin were 
weighed into clean glass. sample jars and were first hand 
\ ' 
mixed .and then vigorously mixed for five minutes each using 
tungsten carbide ball. bearings. Samples were then 
transferred to a Herzog hydraul~c press and pressed at 20 
metric tonnes for five seconds. All samples were then 
heated at 200 • c for 15 minutes to allow the binding resin 
to set. Each sample was run on a repetitive trace element 
program, used for producing statistically more precise 
data. The samples were run a total 'of at least 8 cycles, 
and during the runs they were compared to 3 standard 
samples. Background measurements were taken to be 
equivalent to the USGS PCC-1 {peridotite) standard on all 
analytical runs. Trace element standards used were W-1 and 
BCR-1 for mafic rocks, G-2 for granitic rocks, soc-1 for 
micaceous schists while SY-2 and PCC-1 were used on all 
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runs as extreme end member possibilities. For the standard 
analyses analytical precision, refer to appendix 5. 
The trace elements Ga, Zn, CU, Ni, Ba, V and ~r were 
also obtained by X-ray fluorescence spectophotometry on the 
same rock powder pellets. Th<! analytical program for the 
regular trace package relies less on repeti~ive analyses. 
In this case, all samples were calibrated to a monitor 
standard which has high concentrations of all the analysed 
/ 
elements. A second U~GS standard was analysed during each 
analytical run to assure analytical precision. 
The trace elements Hf, Tl, Pl.>, Th, U, L.i, and Sc were 
obt~ined through Inductively coupled plasma mass 
spectrometry at the same time the REE analyses were done. 
Analytical methods for REE 
REE analyses were obtained through inductively coupled 
plasma mass spectrometry (ICPMS). Rock powder samples (.lg) 
were first dissolved in 10-15ml of concentrated HF and 
10-15ml of SN HN03. The solution was then evaporated to 
near dryness and equal volumes of SN HN03 and SN HCl were 
added until all of the · powder had dissolved. Each sample 
was then taken to a final volume of 90ml in 0.2N HNOJ. 
Samples were then spiked for 2 tube standard addition in 
the following way. Into tube #1 was placed 9g of sample 
solution and lg of 0.2N HN03, while 9g of sample solution 
and lg of a mixed spike solution was placed in tube #2. 
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Every analytical run on the ICPMS involved 18 analyses 
in total. These include 1 solution blank, 1 standard {SY-2) 
~ ... 
and 3 sample duplicate analyses. For the ~nalytical 
precision of the ICPMS data, refer to appendix Sa. 
Mineral chemistry analytical methods 
All minerals were analyzed by the author at Memorial 
University on a Jeol JX-SA Electron Probe_Microanalyzer 
which utilizes three wavelength dispersive spectrometers 
and is operated using a Krisel control system. Analyses 
were done with a beam current of .0225 amperes and a 
diameter of 1 micron for garnet and plagioclase, but larger 
for hydrous mineral phases. Counts of up to 60000 were 
obtained for each element for a count interval of 30 
seconds. All analyses were processed by a PDP-11 computer. 
Probe sample~ consisted of polished thin sections, carbon 
coated in a Varlan VE 10 Vacuum Evaporator. Polishing was 
done for 15 minutes using three aluminum oxide abrasive 
sizes, 1, .6, & .3 microns for five minutes each 
respectively. Standard analyse~ were obtained on the 
international standard ACPX {~akanui augite) during all 
runs, and the analytical precision and error for this 
standard is presented in appendj.x 5b. 
'I' 
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APPENDIX 5 
STATISTICAL DATA FOR ANALYTICAL STANDARDS 
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lPPDDII Si: 
Geoclealcll dat1 aDd atatilticil d1t1 for USGI atandax4 
S!-2 oa t~e ICPIS 1t Keaorlal DalYersltr. 
------------------------------------------------------------------------------------------st-2 l I c lfUI lCC I s IU m I -----------------------------------------------------------~------------------------------Ll 
"·ll U.ll 11." H.OI 
"·" 
Ul ".JO u.,. ) !e 1.51 5." s.u 7 .Ot i.U l.ll 1.51 5.ii ) Cl 2.71 2.U 2.51 2.51 z.u I. It 2.71 2.51 J Li U.H n.u U.57 n.u U.Ji , 2.11 61.24 '1.57 l Ce m.u 155.11 U2.7l m.u 152.23 
'·" 
lSI.U lf2. 73 l Pr u.n U.lJ 11.21 lUI U.lt 
'·" 
U.75 11.20 l 14 7J.U 7),)4 
"·" 
72.10 72.14 1. 74 7l.U 
"·" 
3 Ia 15.41 15.52 14.12 1S.21 15.22 0.35 15.52 14.72 3 .. 2.2] 2.11 2.25 2.35 2.H .... 2.40 2.23 l Gel H.n H.OD 15.40 14.91 15.tl 0.45 lUG H.U l rb 2.1! Ul 2.1t 2.14 2.!0 
'·" 
Ul 2.14 3 ly 1!.30 lt.JD U.ll 1'-51 1U4 0.4i 21.)0 lUG 3 lo 4.14 4.61 4. 4i 4.42 4. 50 1.81 Ul 4.44 3 II 15. f6 15.52 14.14 14.7D 15.04 O.H 15.52 14.14 3 II 2.45 2. 47 2.32 2.35 2.n 1.07 2.47 2.32 f Jb 11.81 17.73 U.77 l1.2G 17.50 0.53 11.11 15.77 3 La .2.t5 Z.H 2.17 2.11 2.11 1.08 us 2.17 3 If 1.!5 9.10 1.07 1.18 I. 71 0.45 UG 1.17 3 !1 l.U 1.~.55 l.U 1.59 1.04 l.U l.SS 3 Pb 12.31 14.2 7,.50 11.01 12.11 UJ 14.21 7!.51 3 
Tb 35i.21 404.91 .St 311.10 341.17 4U2 414.,0 m.so 3 
• m.5a m.n n:: m.11 m.n 30 . 41 303.11 23UO 3 
10!1: lUI let • leaorlil Dalver r's accepted Ville. 
I = stitlstlcil aeia 
s • stiadlrd dt,lltloD 
1 ,. ·popllatloa 
\ 
lPPDDII 5b: 
' 
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llectro1 llcroprobe ltiDdlrd &11lrses 
ltln41rda &CPI lk1l111l ll~itel 
-----------------------------------·---------------------------------------------------------------tl & a c D I r G I J 
---------------------------------------------------------------------------------------------------1102 58.64 S0.2l 50.51 51.31 51.57 sus 51.26 51.14 51.55 51.15 
r1o2 1.04 1.05 l.tl 1.04 1.04 0.17 0.13 o.n us 1.14 &1203 1.81 1." 7.U 7.18 U4 7.57 us t .57 7.52 7. 71 reo ,.04 
"'' 
, ... 6.11 5.9! U2 6.15 ,,15 U3 ,,29 llaO o.u 1.15 O.H 0.11 1.12 t .lt U4 1.13 
'·" 
.... 1110 H.32 1Ul u.n i'·., 16.11 15.47 lUI 16.H a.st 15." • CIO lLll 1'.31 li.OS 1&.17 15.75 1'-27 15.11 15.14 14.71 lS.H 1120 1.27 1.21 1.21 1.16 1.41 1.21 1. 3' l.U 1.40 l.H (20 8.01 1.11 0.01 0.01 1.01 1.11 1.11 1.11 0.01 1.02 Cr o.u 1.19 1.14 0.13 I.H 0.14 0.15 0. tl 
'·" 
1.15 II 0.07 0.0, 0.06 .4.11 0.05 1.02 0,0, 1.04 0.06 1.05 
-----------------------------------------------------------------------------------------------~---Total 
"·" 
''-'1 
"· 71 H.n ,,U 18U5 
"·" 
",,3 " .00 91.54 
---------------------------------------------------------------------------------------------------
---------------------------------------------------------------------------------------------------
el ( L II I 0 p Q I s T 
---------------------------------------------------------------------------------------------------SI02 51.11 51.49 5l.il 51.48 51.03 51.77 50.14 sua 50.04 51.43 
rJ02 o.n I. H I. 16 0.13 •• 71 1.77 0.11 0.11 1.17 8.10 11203 7.83 7.B 1.01 1.11 U7 7.57 1.94 7.64 1." 1.10 reo -u, ,,n 5.01 6.U Ul uo U4 6.11 ,,22 6.42 
IIBO 0.11 I.H 0.14 O.H O.H 1.11 0.11 1.14 t.11 1.15 11~0 1Ul 1U4 H.IS 17.03 H.n H.B 16. 5' lUG 16.45 17. 4~ c.o 15.44 15.61 15,,2 15.31 16.25 15.70 IUS 15.16 IUS 1S.IZ 1120 1.2! 1.30 1.31 1. 30 1.31 1.27 1.32 1.31 1.40 1.36 [20 0.01 0.01 0.01 O.DO 0.01 1.00 0.01 0.02 0.00 0.00 Cr 0.11 1.01 o.u 0.05 1.05 8.87 0.85 0.13 0.12 0.15 11 0.04 0.0) 0.01 o.u 0.04 1.01 0.04 0.05 0.08 0.89 
---------------------------------------------------------------------------------------------------rotal !8.82 108.31 101.04 100. 35 lOO.H !Ul 98.63 ,;,45 !US 10U2 
--------------------------------------------------------------------------------------·------------
":) 
j 
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el 0 
' 
I I J I u u lC lD 
·--------------------------------------------------------------------------------------------------SlOl ~1.31 51.54 50. 5' 51.52 51. 3l suo 52.04 51.7' su' SUI !102 1.14 e.n uo 1.10 I. 1i 8.13 Uf 0. 7! I.H I. 7t &1203 1. 70 7.14 
'·" 
U2 7.7, 7.21 l.U 1.20 1.07 7.U reo ,,H &.21 u' . ,,57 us '-12 uo Ul 
'·" 
Ul laO I.Of 1.15 o.a I. 11 1.11 l.lf 0.14 1.11 1.11 8.15 1!0 U.31 15.57 15.21 u.u 15.31 lUt lUI lUG U.ll lUI ~0 15~" 15.41 U.tf 15.J5 16.21 15.15 14.10 15.70 15.19 15.14 1120 1.27 1.31 1.50 1.3! 1.37 1. 45 1.32 l.U 1.41 1.31 no 0.01 e.n l.tt 1.10 0.00 U2 uo 1.11 0.00 Ul Cr us t.l5 1.15 0.15 1.03 1.03 0.03 0.13 1.13 O.H 11 1.04 I.U 1.83 1.17 8.05 1.14 t.OS·· 1.04 0.07 us 
------------------------------------------------------------------------------------------------~--Tot•l u:14 
''·U 99.37 "·" 100.44 101,., 100.03 101.11 111.02 'us 
---------------------------------------------------------------------------------------------------
.. 
---------------------------------------------------------------------------------
el u l1 lG I I STD . lCT \Ill 
•• --------------.--------------... ------------- •• - - ·--•. -------.---------------- t. 
SI02 . 52.30 51.12 53.1' ll 51.27 14.1, 50 .73 
'1.0' TI02 t.ll 1.13 1.12 33 1.13 D.25 0. 7f 12.16 11203 1.01 7.H 7.13 33 7." 2.15 7.16 . ·1.27 
reo '-27 '-1, U7 33 5.23 1.73 6.77 -ua llaO t.H 0.12 0.11 33 0.13 1.05 0.13 t.OO llqO H.U lUI 1UO 33 16.46 1.5, IUS -1.11 
c.ao 15.37 lUI 15 • ., 13 15." t.JS 15.12 -t.82 la20 1.21 1.23 1.27 33 1.33 0.31 1. 27 4.72 120 O.Dl 0.00 0.01 33 0.01 0.11 0.00 uo Cr e.IS t.H 0.13 33 1.0' O.Oi 0.00 o. oe II 0.11 0.07 0.12 )) 0.0, 1.03 0.00 e.oo 
---------------------------------------------------------------------------------Total UO.S3 100.63 101.0.1 ll.tO 
"·" 
27.75 ,,H Uf 
- ---------------~---------------~------------------·-------------------- --------
lPPDDII Sc: 
c~ealcil ia4 stitlatlcil d1t1 for us;s st1Dd1rd ICR-1 
for 111 re91l1r •••lrtlcil rana ID tbe llr. 
---------------------------------------------------------------------------------lL l I c D I r G I 
------------------------------------------------------------·--------------------
20 22 I 21 a. 2] 22 n ., u ID 129 m 125 121 121 121 121 m ll 11 u 17 11 17 17 11 u li m m 753 m 711 171 1t5 751 
' 
m m· m 120 m, m m us CI 21 2! lt 21 23 Zl 4 • . 
·--------------------------------------------------------------------------------
------------------------------------------------------I I let s Ill 
------------------------------------------------------
• 21 22 I 23 lt 
• 121 125 1 131 115 
' 
u u l n 11 
• m m 10 m HS 
• m m 
' 
125 m 
• 
u, 15 
' 
2! a 
------------------------------------------------------
Cbealtil iD• stitlatlcal data for stit41rd G-2 for 
•11 Itqllir illlJtlCil IllS 01 t~e Ill. 
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---------------------------------------------------------------------------------------------------lL l I c 
• I I lCC s w Ill 
---------------------------------------------------------------------------------------------------a. 22 l3 21 22 4 22 2l l 23 21 Ill 11 II 17 ., 4 .. 14 1 ., 17 11 5 
' 
5 5 4 5 4 0 
' 
s li 11, uu mt Ull· 4 1m me I 1m 11, 
' 
u 40 42 43 4 .,., 35 1 n u cr I 11 11 11 
• u I 1 11 I 
--------·-----------·-------------------·-------------------------··-------------------------------
DL(ppal Ga-l 
ll-9 
11-Z 
11-35 , __ , 
tr-5 
lOTI: I a popllitloa 
I ~ statlatle&l ae•• 
lCC a ICtepted Yallt 
s • atla4ard de•l•tloa 
• 
-c, 
-
,• ~ 
I 
---- -
.,., . -
' 
~-
lPPDIII Sc: 
,/ 
\ 
Prec:laloa IU stit!sticll d.t•. 
Shitu4 ICI-1 
,,) 
-------------·----------------------------------------------------------------------------
d l I c • I 
y s lCC \UI • 
-----------------------------------------------------------------------·------------------
lb 46.51 u.u u.n u.n 4.11 u., 1.95 n.oo 
Sr 311. Sl 313.49 3Dt.l2 311.,2 Ut m.n 2.U 331.88 
t 12.n lt.ll 3U2 · 34.32 Ut 31.14 1.51 ll.DO 
lr U4.t4 m.n lU.H Ul.S' Ul uus 1.12 UZ.II 
lb 1.11 a.n ·a.n ,,U ua I.U t;S' 1].50 
stauu4 G-2 
el 1 I C · I I ace· \DI 
lb UO.H 157.5' 170.25 1.10 m.n 5.41 llt.ot -4.24 
Sr 4lU9 127,5, 441.5' l.U m.u ~.15 47UI ., ... 
t UJ 
'·" 
3.53 1.10 5.31 1.42 . 11.08 
-51." 
lr 311.65 315.32 313.51 3.01 m.u o.u ioe.n 4. 73 
lb 11.7! ll.U il.lS 1.8~ ll.H 1.32 13.50 ·15." 
----------------·----------------------------------------------------------------
Stariu4 1-1 
lb 
sr 
~, 
k. 
lb 
el • 
22.21 
113.11 
1!.11 
H.!l 
5.11 
I 
21.26 
llU! 
2U5 
'U4 
ua 
c 
21.14 
lH.OI 
u.,4 
ts.u 
.. ,, 
D l 
21.11 11.51 
1n.ot m.u 
21.17 21.11 
93.21., !5.41 
S.ll US 
r 
24.38 
llUl 
21.19 
!'-15 
f.SS 
, ~~-.:-------------------------------------------·-----·--------i i . 
' 
---------------------------------------------
I I s lCC \Ill _______________________________ _. ____________ 
6.01 21.51 1.45 21.;1 2.36 
Ul 175.11 Ln 111.11 -L4S 
'·" 
20.25 ... , u.u ·2l.U 
Ul H.ll 1.25 111.01 -5.2! 
,,01 5.21 I.H ,, .. ·U.22 
---------------------------------------------
·1.02 
·US 
·1.51 
l.U 
· U.Ot 
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M'f£811 Sea 
htdsi• IRF' tlltlstiul dih. 
Shuud SY-2 
•• A I c I E r a H 
-----
.. 209.78 211.57 210.23 210.91 208.,. 208.43 213 • ., 213.84 213.43 
Sr 245.12 246.07 24,.88 250.41 250.93 245.36 245.89 246.35 244.19 y 121.80 123.24 123.11 124.74 126.3' 124.81 122.43 123.44 122.63 
Zr 269.62 271." 211.59 270.36 . 271.13 211.51 275.1l 275.19 274.611 
• 22.12 22.77 23.41 20." 21.74 20-67 21.80 19.~ 21.01 
• I s ACe %01 
9.00 211.23 1." 221.00 -4.42 
9.00 247.24 2.36 270.00 -8.43 
CJ.OO 123.i2 1.35 116.00 ,.~1 
,,00 272.42 2.08 262.00 3.CJB 
9.00 21.~ 1.18 21.60 -o.48 
-- ------
r---
\ 
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APPENDIX 6 
CALCULATED PLOTTING PARAMETERS UTILIZED IN THE TEXT 
I 
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N'P£1111 '-• 
lor .. tivt MAIJMS rKHt to 1001 H 
,aott .. ia fipu ,,1. 
SAM! I an I·SPAI PUI TOTM. 
l7-3A 32.12 37.92 ~·" 97.57 U-7 31.46 34.24 34.30 !U3 
l7-ll 26.ti '·~ 57.48 !5.41 U·21 32.:18 32.32 35.0! 97.08 
U-23 21.21 34.37 37.42 !2.6' 
U-21 21.1, 31.05 33.71 .. ~ 
U-31 34.14 3l.U 34.03 !U4 
L1-4e 32.53 31.10 35.37 !1.21 
L7-.t2 t.OO 71.4t 21 ... •• 2t 
l7~ 27.6S 30.52 41.83 '2.57 
U-52 32.20 ~.31 31.41 "·14 
U-53 34.05 25.74 40.21 
"·" l1-54A 31.92 23.26 44.82 95.11
U-541 33.01 . ~73 40.26 !17.72 
L7-SS 3:1.18 26.15 38.n 91.1i 
L7-~ 0.00 
"·" 
33.01 74.01 
u-s' 28.77 27.74 43.49 ~.u 
U-71 34.49 30.!! 34.52 !5.34 
li-72 o.oo 21.41 78.59 63.77 
U-73 19.74 13.91 
"·28 11:!.38 U-74 30.34 24.74 44.92 tl.42 
L7-75 28.21 21.~ 44.50 tl.32 
l1-71 32.73 34.51 .'2.51 94.74 
l1-79 31.72 30.57 37.61 !5.37 
---------
-----------
,. 
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lPPIIDII 'b: 
lora~tl•e tn.lyses rec~st to 110\ 1s 
plotted la f19tu '· 2. 
-------------····----·--·-----------------------·· 
. Siapld ll lb Or rotd 
-------------------------------------~-----------· U·ll 2.35 41. Jl 55.17 U.Zl 
r.l-7 2.51 47.53 
·'·" 
iUl 
I.T·il 1.79 U.SI . 1.72 lt.Sf 
L1-21 us n.7t n.,. i5.15 L1-2l l.U ... ,. n.u U.52 
L7-27 f.ll t2.93 52.tl n.u 
r.l-31 f. 77 n.u n.n n.u 
L7-fl ,,., n.u 4i.l2 n.sc 
LH2 2.21 lt.ll 71. fl . 81.2D 
r.7-45 7.27 50.54 u.u "·n r.7-52 f.U 51. u U.34 65.11 
L7-Sl 5.75 55.22 39.0] 63.75 
loT -5(1 3.57 62.27 lf.U 65.!1 
r.7-5U ),fl 5Ul 39,,. 65.H 
LHS l.U 5U2 U.H '3.37 L7-SI U2 25.3' 
"·" 
74.81 
Ll-5' 2.U 51.37 . li.H 
"·" r.7-71 3.51 49.11 47.31 u.u
Ll-14 I.U 5, ... 35.51 ,5 ,01 
r.7-75 11.12 51.17 11.01 
""'' Ll-79 7.52 47.5, 44.!2 65.12 
--------------··---------------------------~------
.. 
3!)9 
M'P£1111 k I 
Al..IAl.IIITl VALID FIIR LIZARD liRMIITDIDS 
Aft• llrl9ilt 1 I~'· 
SMJII I Sl02 llk.allaity (AJ 
l7-3A 7$.2t 6.22 
l1-7 74.41 5.36 
l7-l8 13.00 3.41 
l7·21 74.,. 4.7'5 
l7-23 7l.Je .. ,. 
l7-27 68.,. 3.74 
U-31 74.71 4.63 
l7-40 71.:11 3.46 
l7-42 5.7t 4.81 
l7-45 1o.se 3.37 
l7-52 7$.ot 4.~ 
l7-~ 75.30 3 •• 
l7-54A 7$.~ 4.31 
l7-541 76.ot 4.62 
l7-~ 7'·" 4.82 
l7-58 54.:10 3.8CJ i 
l7-S' 73.4t 4.81 ! 
l7-71 75.31 4.87 
l7-73 63.2t 1.92 
l7-74 72.2t 3.26 
l7-7'5 71 •• 3.06 
l7-71 73.10 4.7! 
l7-7! 73.6t 3.&1 
.. 
3CO 
lfflltll U: 
~l .. le fl1ttl19 ,ar111ters, 1fter 
Llld ut llMe, Ull. 
-------------------------------·----------------
IIIIPLI li/~~- 11/ll+ll lU II 
------------------------------.-----------------------------1.7-lk ls.tU u.m I.ZU 1.m 
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